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ABSTRACT 
A comprehensive analysis has been carried out of morphological features, morphometric characterisation and 

structural attributes of the northern Gulf of Cadiz slope, offshore Spain and Portugal. This study used an 

extensive database including high-resolution bathymetric mapping, 2D seismic reflection profiles and 

sediment cores recovered during IODP Expedition 339 in order to document the nature of a transpressive 

continental margin. The principal features include faults, channels, diapirs, fluid-escape features (pockmarks, 

mud volcanoes, mud mounds, chimneys), mass-transport deposits (slides, slumps, debrites), and erosional-

depositional forms (scarps, scours and sediment waves). A complete new morpho-sedimentary map of the 

region has been constructed, and a novel morphometric analysis carried out.  

This study shows that tectonism exerts the strongest control on sedimentation. Most structural features are 

aligned NE-SW, others are orientated E-W and NW-SE, and geomorphological features show parallel 

alignment. These morpho-tectonic features affect the physiography of the sea floor and hence hydrodynamics 

of currents. Diapiric ridges and large faults affect the seafloor gradient. Channels in the study area evolved, 

avulsed and changed direction in response to their interaction with geomorphological structures and current 

action. Furthermore, tectonism resulted in significant differences in the geomorphological characteristics and 

morphometrics (drainage density, basin shape, and stream numbers) between the northern and the southern 

half of the study area. This is linked to the presence of a large accretionary wedge complex in the south, 

resulting from large-scale plate tectonic interaction. The north-westwards advancement of the AWC, in 

addition to transpressive tectonism, is responsible for the number and dimension of morphological features in 

the south of the study area. 

The northern Gulf of Cadiz margin can be referred to as a mixed depositional system having a varied 

sedimentary assemblage including contourites, turbidites, bottom-current reworked turbidites, debrites, mass 

transport deposits, hemipelagites and pelagites. The different facies are, in part, spatially and temporally 

separated, and in part, closely interbedded. Contourites are the dominant facies in the Quaternary, with 

turbidites and associated downslope facies most evident in the older Pliocene-Miocene succession. Grainsize 

statistical analysis (over 1200 turbidite and over 600 contourite samples), together with mineralogical study, 

reveal distinctive features of standard turbidites and contourites, whereas reworked turbidites have some 

similarities to both. Bi-variate plots of grainsize statistical data help distinguish between turbidites and 

contourites. Especially valuable are the mean size vs skewness and the coarsest percentile vs median (CM) 

cross plots. 
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CHAPTER 1: INTRODUCTION 
This thesis is focused on the contourite depositional system within the northern Gulf of Cadiz. 

There are three key elements of the study: (1) morphostructure, which is used here to mean seafloor 

morphological features, their interaction with and effects on sedimentation; (2) tectono-

sedimentary control, which is the particular focus on tectonic activity (from regional to local) as a 

key control on the sedimentary system; and (3) the interaction and distinction between downslope 

and alongslope processes and their deposits (turbidites and contourites) within the contourite 

depositional system as a whole. 

This chapter briefly introduces the study area, scientific rationale, aims and objectives of the 

research, and the structure of the thesis. It includes a list of five (i.e. 4 published and 1 unpublished) 

papers on contourite drifts, contourite sediments and bottom currents. 

1.1 Study Area  

The Gulf of Cádiz is a large embayment on the eastern side of the North Atlantic Ocean, located 

between longitude 6°W to 9°45′W and latitude 34°N to 37°15′N. It occupies part of the area along 

the transcurrent fault system, which marks the transpressive boundary between the Eurasian and 

African plates (Maldonado et al., 1999). The area lies between the eastern part of the Azores-

Gibraltar Fracture Zone and the western exit of the straits of Gibraltar (also referred to as the 

Gibraltar Gateway). It spans from the SW Iberian to the NW Moroccan continental margin. It has 

a narrow to broad shelf, a mostly wide and stepped slope and an abyssal plain that is partly 

underlain by an arcuate shaped accretionary wedge, derived from a former subduction zone in the 

region. The study area for this thesis comprises the northern part of the Gulf of Cadiz.  

The area is notable for the contrasting morphology evident on the seafloor, which is clearly 

highlighted on the very complex morphosedimentary map constructed by various authors 

(Hernández-Molina et al., 2006b). Based on both sedimentological and seismic characteristics, the 

region is clearly subjected to a range of interacting processes – downslope, alongslope, and 

pelagic-hemipelagic settling – and has prompted much research into the distinction between the 

intermixing of turbidites and contourite (Faugères and Stow, 1993); (Brackenridge et al., 2013); 

(Alonso et al., 2016).   
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Fig 1. 1 A) Location map showing the Gulf of Cadiz (GOC)and the main study area for this work (red rectangle). B) Part of map of the world showing the location of the GOC with respect to the 
bordering continents (i.e. Africa and Iberian Peninsula) 
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Evolution of the morphostructural features and deposition of the mixed sediment facies have 

been controlled by the principal geological factors identified as closely interacting controls on 

deepwater sedimentation in general (Stow, 1984b). These include tectonics (regional and local), 

sea level fluctuation, sediment source and supply, and climate. All these processes, as well as a 

combination of more than one process, have been linked to the Gulf of Cadiz evolution and 

current physiography. Particularly important have been tectonic factors related to the active 

transpressive plate margin across which the Gulf of Cadiz lies (Maldonado et al., 1999); 

(Maldonado and Nelson, 1999); (Zitellini et al., 2004); (Gutscher et al., 2012).  

Relative to many other continental margins, the Gulf of Cadiz has an especially large volume of 

contourite drift sediments. The region is now well known for its Contourite Depositional System 

(CDS) (Hernández-Molina et al., 2006b) and, following the IODP Expedition 339, has been 

called a ‘contourite laboratory’ (Stow et al., 2013); (Hernández-Molina et al., 2014, Hernández-

Molina et al., 2016). The Cadiz CDS developed in its present form following the opening of the 

Gibraltar Gateway between the Mediterranean and Atlantic after the end of the Messinian 

Salinity Crisis, around 5.3 Ma. Growth of the CDS was relatively slow during the Pliocene, from 

about 4.3Ma, whereas the main active development occurred from the beginning of the 

Quaternary, especially from about 2.4-2.1Ma, with the edification of thick mounded drifts near 

the Algarve continental slope and the incision of several paleo-moats precursory to the present-

day Alvarez Cabral moat. Equally, however, the significant sediment input into the Gulf of Cadiz 

from Iberian rivers, coupled with active seismicity, has led to much downslope sedimentation 

from submarine slides, debris flows and turbidity currents (Alonso et al., 2016). 

The dominating process at any given time in the basin is dependent on the interaction of the 

different controls: tectonism, sea-level change, climate and sediment supply. Identifying the main 

controlling factors has been a challenge. Location of the study area over a transpressive plate 

boundary, sediment supply from several sources, and a distinctive inflow and outflow current 

through the Gibraltar Gateway leads to a complex interplay of factors affecting sedimentation 

and morphology. 

1.2 Scientific Rationale  
Research on contourites and contourite systems has become particularly vibrant in the past two 

decades, as witnessed by the publication of a large number of papers and several important 

synthesis volumes (e.g. (Stow and Mayall, 2000); (Rebesco and Stow, 2001); (Wynn and Stow, 

2002); (Stow, 2002d); (Viana, 2007a); (Rebesco and Camerlenghi, 2008); (Hernández-Molina et 

al., 2016), amongst others). There have been a series of research conferences on bottom currents 

and contourites – the Deepwater Circulation (DWC) meetings, DWC1 in Baiona 2011, DWC2 
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in Ghent 2014, DWC3 in Wuhan 2017, and DWC4 scheduled for Edinburgh in 2021 as well as 

special contourite symposia at many of the main international conferences (IAS, IGC, AAPG, 

SEPM and others).  

The author of this thesis has been involved in several recent publications that synthesise some of 

the current state-of-the-art in research on contourite drifts, sediment facies and bottom currents 

(Esentia et al., 2018); (Stow et al., 2018). All of which are included in the appendices at the end 

of this thesis. Based on this work and against the backdrop of contourite research (above), three 

contourite topics that are understudied or controversial, and therefore in need of further research 

have been selected. These, as highlighted at the outset of this chapter, are: morphostructure, 

tectono-sedimentary control, and the distinction between turbidites and contourites. 

Why the Gulf of Cadiz study area? The location of the basin across a transpressive plate boundary 

was a key factor that drove the choice to study this area. The area straddles a part of a known 

plate boundary and therefore has experienced a variety of tectonic activity at a range of scale, 

intensity and duration. These events are recorded in the different unconformities and hiatus 

within sediment, the morphology and structure of the seafloor. When the events and the resultant 

morphology and sediments are properly identified and studied, they should provide information 

regarding the effect of tectonic activity on the margin sedimentation.  

As the Gulf of Cadiz has been intensively studied over at least five decades, there is an abundance 

of high-quality and well-calibrated data available. As a shore-based scientist with IODP 

Expedition 339 in the Gulf of Cadiz, I gained further access to a detailed, comprehensive data 

base over the Cadiz CDS. The high resolution of bathymetric and topographic datasets from 

IODP 339 and TGS NOPEC are especially important for this study. The wealth of data available 

both enables new research and creates more research questions.  

There is a need to create a link between the complex tectonism in the area and the current 

sedimentological variation – this is a current significant gap in our understanding of the region 

and of contourite systems in general. It is essential to attempt to increase our understanding and 

spark the proliferation of research into tectonic activity and its effect on both alongslope and 

downslope process in the deep-sea environment. Is it possible to link synchronicity of the 

turbidite and debris events to seismicity?  Is it also possible to link bottom current activity and 

contourite deposition to tectonic activity? There is scope to undertake new sedimentological and 

morphological analysis over an extensive area of investigation, such as the Gulf of Cadiz, and to 

apply a new geomorphometric approach to this analysis – an approach that is not generally used 

in submarine systems. Different scales of observation are important in any research study, 
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especially one that concerns everything from evolution of the continental margin to the details of 

sediment grain size attributes. Therefore, a spatial analysis of different studies across a range of 

scales is essential for this work. 

1.3 Thesis Aims  
The broad aims of this PhD work are: 

(i) To document and understand the present-day morphostructure of the Gulf of Cadiz contourite 

depositional system, and consider also the morphostructural evolution since the establishment of 

the present-day transpressive tectonic regime at the beginning of the Quaternary;  

(ii) To elucidate how the main morphostructural features and processes control sedimentation 

and the tectono-sedimentary evolution of the contourite depositional system. 

(iii) To document the principal sedimentary processes involved in development of the margin 

and of the CDS, and to derive a robust means of distinguishing between these processes, their 

interactions and sediments. 

1.4 Thesis Organisation  
The thesis was organised into 2 volumes, 7 chapters and a series of appendices.  

1.4.1 Volume 1 

Chapter 1: This briefly introduces the study area, scientific rationale, aims and objectives of the 

research, and the structure of the thesis. It then lists five research papers on contourite drifts and 

contourite sediments, which help set the scene of current research into contourite systems, and 

of what areas still need investigation. 

Chapter 2: This chapter documents the database available, including: (i) MCS (TGS NOPEC) 

and SWIM+GEBCO bathymetry, and (ii) Core and sample data from IODP Expedition 339. It 

further provides an outline of the methodology of the different analyses conducted in this 

research. The different analytical methods described include; core sampling, data compilation, 

core logging and targeted sediment analyses from IODP 339 boreholes, core analysis, seismic 

interpretation analysis, smear slide preparation and analysis, grainsize analysis, and 

morphostructural mapping using the SWIM+GEBCO bathymetry and seismic lines. Further 

details of methods are presented at the beginning of each of the three results chapters (4, 5 and 

6) where this is considered necessary.   

Chapter 3: This chapter presents a more detailed geological and oceanographic background to 

the study area. This is based on previous work and is sourced from the open literature, as well as 

from discussions with other members of the IODP 339 shipboard and shore-based scientific 

party. 
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Chapter 4: This is the first of the three main results chapters. It is long and detailed and with 

subsections on each of the main morphostructural features identified: faults, diapirs, fluid-escape 

features, channels and canyons, mass transport deposits, scarps, scours and sediment waves. The 

chapter presents new results and their interpretation on the geomorphology and sedimentation of 

the northern Gulf of Cadiz. It presents new interpretation of a comprehensive multibeam 

bathymetric dataset, previously compiled by N Zitellini et al. (2009), together with a 2D seismic 

dataset, collected over two cruises by TGS-NOPEC. The results of the morphostructure and 

morphometric analysis are discussed in detail at the end of the chapter. 

1.4.2 Volume 2 

Chapter 5: This is the second results chapter – on a detailed seismic stratigraphy of the Algarve 

margin, covering the northern part of the study area. It uses the available seismic reflection 

profiles and IODP 339 well data to get a thorough representation of the paleosedimentation and 

basin/margin evolution and hence gain an enhanced knowledge of the tectonic and 

palaeoceanographic settings of the area. The main purpose is to decipher the tectonic control on 

i) contourite drift formation, ii) general depositional architecture and internal stacking pattern, 

and iii) tectono-sedimentary control and evolution of the contourite depositional system through 

the Pliocene and Quaternary. The results of the seismic stratigraphic analysis are discussed in 

detail at the end of the chapter. 

Chapter 6: This chapter is the final of the results chapters. It is dedicated to the sediment facies 

and processes. Here the identified principal sedimentary facies based on past work, current 339 

studies, and core logging/analysis during this study are listed. The discrimination between 

different sedimentary processes on the basis of facies style, sedimentary structures, textural 

analysis, and compositional attributes are also recorded. The origin of textural properties in the 

different facies (turbidite, contourite and reworked) and principal sediment sources and supply 

routes for the Cadiz CDS, based on extensive literature compilation and all current 339 work is 

noted. Also reported in this chapter are findings of the compositional variation between different 

facies, between different parts of individual facies, and within a regional and stratigraphic 

framework. The results of the sedimentological analysis are discussed in detail at the end of the 

chapter. 

Chapter 7: This chapter is a short discussion and conclusion to the thesis. Much of the substantive 

discussion sections have been included as parts of the three results chapters, so this chapter serves 

to summarise some of the most important findings and discussions. A statement is made about 

the broader implications of this work for sedimentation and controls along transpressive margins, 

for sedimentology of contourite systems, and for contourite characteristics as potential reservoirs. 
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The general implication of seafloor morphology and deep-sea facies (such as turbidite and 

contourite) on hydrocarbon exploration is also considered.  

Appendices: In the appendix (published and unpublished) papers authored and co-authored by 

Esentia I. Also, some extra useful data are presented.  

1.5 Contourites: State-Of-The-Art 
The following five papers, co-written by the author, provide an up-to-date synthesis of 

knowledge on contourite systems. They reflect the two primary scales of observation and analysis 

in this thesis: (a) drift architecture and bedforms; and (b) sediment facies and sediment 

characteristics. 

Paper 1: Esentia I, Stow DAV, Smillie Z, 2018. Contourite Drifts and Associated bedforms. In: 

Submarine Geomorphology, Micallef A., Krastel, S., Savini A., editors, Springer, pp301-332.  

Paper 2: Stow DAV, Smillie Z, Pan J, Esentia I, 2018. Deep-sea contourites: Sediments and 

Cycles, Encyclopaedia of the Ocean Science, Elsevier. 

Paper 3: Stow DAV, Smillie Z, Esentia I, 2018. Deep-sea bottom currents: their nature and 

distribution, Encyclopaedia of the Ocean Science, Elsevier. 

Paper 4: Smillie, Z., Stow, D. and Esentia, I.P., 2018. Deep-sea contourites drifts, erosional 
features and bedforms. In Encyclopedia of Ocean Sciences: Earth Systems and Environmental 

Sciences. Elsevier. 

Paper 5: Yu, X., Stow, D., Smillie, Z., Esentia, I., 2019. Brackenridge, R., Xiea, X., Shereef, 
B., Ducassou E., Llave, E. Contourite Porosity, Grain Size and Reservoir Characteristics. 
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CHAPTER 2: DATA AND METHODS  
This chapter documents the available database for the study, including: (i) MCS (TGS 

NOPEC) and SWIM+GEBCO Bathymetry, and (ii) Core and sample data from IODP 

Expedition 339. It further provides an outline of the methodology of the different analyses 

conducted in this research. The different analytical methods described include core sampling, 

data compilation, core logging, core analysis, seismic interpretation, smear slide preparation 

and analysis, grainsize analysis, and morpho-structural mapping using the SWIM+GEBCO 

bathymetry and seismic lines.  

Further details of methods for each major section of the research are presented at the 

beginning of each of the three results chapters (4, 5 and 6), in order to elaborate further on 

specific data and methods employed for that research. 

2.1 Data 
An extensive dataset from the Gulf of Cadiz has been utilised for this research including: (a) 

SWIM and GEBCO bathymetric data, (b) multichannel seismic data (from TGS NOPEC), (c) 

shipboard data and results acquired as a shore-based member of the IODP Expedition 339, 

and (d) core samples selected for this study (Fig 2a). 

2.1.1 Bathymetric Data   

Multi-beam echo sounder data, with a frequency of 14.5-16Hz, was collected from the Gulf 

of Cadiz (De Moustier and Matsumoto, 1993). The response from the seafloor creates echoes, 

which a receiver records and converts to depth data. This is recorded as bathymetric contours. 

Information such as seabed backscatter properties, bathymetric contours and micro-relief are 

also produced, and in this case were compiled together to make bathymetric maps that clearly 

show the morphological features of the seafloor.  

The high-resolution SWIM + GEBCO bathymetric map used in this study was created by N. 

Zitellini et al. (2009) after a compilation of research results collated from different scientific 

institutions across 7 European countries between 2000 and 2006. Although the bathymetric 

map used covered the entire region including the SW Iberian margin, the focus of this study 

will be solely on the northern GOC area. The GOC bathymetric data used was a compilation 

of bathymetry sourced from Tasyo Cruise 2000, Parasifal Cruise 2000, TV-GIB Cruise 2003, 

Cadisar-1 Cruise 2001, Cadisar-2 Cruise 2004, Matespro Cruise 2004, Gap cruise 2003, 

Delila Cruise 2005, and Hermes Cruise 2006. The reader is referred to (Zitellini et al., 2009) 

for the full list of contributors and the map showing location of each cruise.  
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2.1.2 Seismic Data  

The seismic data used for this study included, 23000 km of seismic lines acquired from 2000 

-2002 offshore Portuguese margin during the PDT00 and PD00 cruises. Around 5,800 km of 

the 23,000 km are in the Algarve Basin.  

Seismic Acquisition 

The 2D seismic data set used for this research was obtained from two seismic surveys 

conducted by TGS –NOPEC. The data was made available following a confidentiality 

agreement, which limits access to the data to the author and supervisors. 

A total of 68 2D lines covering an area of about 20,000 square km West of the Straits of 

Gibraltar (Fig 2.1) were analysed. Of these, 34 trend NNW-SSE, 15 NE-SW, 10 N-S and 9 

WNW-ESE. The data has a grid spacing of approximately 8x4 km and shot-point interval of 

25m and 30m. The Southern part and some NE parts of the lines intersect the North-eastern 

edge of the accretionary wedge complex. The data was initially sampled at a rate of 2ms but 

during processing, the rate was increased to 4ms. The data with a vertical scale from zero to 

12 seconds was provided and analysed on Kingdom SMT suite software. 

Seismic Preparation  

For this work, seismic data files were uploaded into Kingdom SMT 8.5 software. The SWIM 

Bathymetric map files mentioned above were also uploaded in Kingdom SMT to serve as 

base map during the interpretation stage. Additionally, to aid in data and age calibration, the 

IODP wells, which have been referenced to true vertical depth subsea and corrected for Kelly 

bushing, were imported into the kingdom project (Fig 2.1). The entire seismic lines were 

checked for multiples, polarity, mis-ties and resolution variation. Overall, the seismic sections 

are of very good quality. However, the Neogene section (which corresponds to the section 

with less than 3 seconds TWT) shows the best reflectors and the quality of the reflectors 

reduces at depths greater than 3 seconds TWT. In some parts, the poor data quality can be 

linked to presence of salt or hydrocarbon (Loseth et al., 2009). 
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Fig 2. 1 Map showing the bathymetric map of the study area overlain by the NE-SW and NW-SE 2D (TGS-NOPEC) seismic profiles. Colours from red (shallow water) to blue (Deepwater ) 
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Seismic Interpretation   

After proper assessment, data interpretation commenced looking at both the NW-SE lines 

and each intersecting NE-SW line. Stratigraphic and structural interpretation were then 

conducted with a knowledge of the geology of the area and established geological concepts 

in mind. The later involves looking for and noting faults, folds, structural trends, areas of 

uplift and subsidence and other structural features. The former, on the other hand, involves 

mapping main discontinuities (or depositional sequence boundaries), major unconformities, 

and major stratal units. In order to effectively conduct the stratigraphic analysis, the following 

features were identified: erosional terminations, reflection geometries, horizon amplitudes, 

acoustic character. Discontinuities were mapped by observing and tracing strong reflectors 

against which other reflectors terminate (onlap or downlap). 

To ensure accuracy during mapping of discontinuities, a process known as loop tying was 

employed (Fig 2.2).  Basically, horizons and faults were interpreted on one section (e.g. line 

1), the interpretations are transferred to another line at the line intersection e.g. from line 1 to 

Line B (Fig 2.2) and loops are progressively ‘’tied’’ to branch out onto all the lines. Vertical 

seismic profiles (VSP) was used to link borehole depth to travel time in seismic reflection 

data (Fig. 2.6) have been critical for correlating and dating stratigraphic units of IODP 399 

results with regional multichannel seismic profiles. The IODP well data was also used to 

confirm the discontinuities and their ages. Qualitative description and or quantitative 

measurements were conducted for each morphological feature encountered on seismic line(s). 

For the features visible on the sea floor, their measurements were calibrated by identifying 

and pre-measuring the same on the SWIM bathymetric map. Mostly, the values were 

presented as two-way time (TWT), but in some instances, TWT was converted to metres 

using the formula D= TWT/2 *V. Where V is velocity of sound in water and D is depth in 

meters.  
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Fig 2. 2 Schematic showing the loop tying method used for interpretation of 2D seismic lines.  

Vertical seismic profiles (VSP) linking borehole depth to travel interval in seismic reflection 

data (Fig. 2.6) have been critical for correlating IODP 339 results with regional multichannel 

seismic profiles. Vertical seismic profiles were executed at sites U1386, U1387 and U1389. 

At sites U1390 and U1391, the depth to time conversion was based on the DSI sonic tool 

(IODP 339 report).  

Detailed mapping of the main seismic units and horizons within the Neogene section    had been 

done in other studies  (Hernández-Molina et al., 2014); (Llave et al., 2001); (Stow, 2002d); 

(Roque et al., 2012); (Brackenridge et al., 2013). However, some new maps were generated in 

this study and new seismic analysis integrated with some preliminary on-board descriptions to 

present a better understanding of the geological framework. Also, the large morphological and 

erosional features, which were mapped by F. J. Hernández-Molina et al. (2014) served as a 

guide for more detailed mapping and data analysis of the   morphological features identified. 

2.1.3 Core Data 

Previous industry wells in the area typically did not sample the Pliocene and Pleistocene 

succession. However, during the IODP 339 expedition (from November 2011-January 2012), 

aboard the R/V JOIDES Resolution, approximately 6km of cores were recovered from five 

sites in the Gulf of Cadiz (Fig 2.4 Table 2.1). 

(http://iodp.tamu.edu/scienceops/expeditions/mediterranean_outflow.html). 

Line  1

Line  2

Line  3

Line A Line B Line C

Loop
1 
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Fig 2. 3 GOC sea floor map showing the Mediterranean outflow water flow path, some associated erosional and topographic 
features. (Hernández-Molina et al., 2015). 

Core Recovery and Description  

Approximately 681 cores were recovered from all five wells drilled in the Gulf of Cadiz. Core 

recovery was 86% from late Miocene, Pliocene and Quaternary sediments. Cores were 

described and photographed on-board the ship however for this study selected core intervals 

were re-examined. Table 2.1 and figure 2.4 summarise the location and details of each well. 

Core Sample Collection  

Samples were obtained from the different parts of the cored data specifically to study the 

different facies but with particular emphasis on contourite deposition by the MOW. A 

proportion of the samples collected were used for preliminary on-board analysis, including 

petrography, smear slide analysis, X-ray diffraction, biostratigraphy, geochemistry, 

interstitial water geochemistry, paleomagnetic studies and physical properties analysis. 

Whereas, some samples collected were bagged, labelled and preserved in cold storage for 

more detailed future analysis. Some of these core samples from U1386, U1387, U1388, 

U1389 and U1390 were used in this research for sedimentological studies. 
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Fig 2. 4 Summary of sections core recovery for wells during the IODP expedition 339 in the Gulf of Cadiz. (Hernández-Molina et 
al., 2013) 

 

 

Table 2. 1 Summary of the IODP well location and amount of core recovered from each well 

 

 

 

Well 
ID Location  

Latitude and 
longitude 

Water 
Depth  

Targets 
Drift   

Target 
Succession  

Overall 
core 
recovery  

U1386 

25 km 
SSE of 
Faro  

36°49.685' 
N,7°45.321' W 561 m 

Faro 
Drift  

Pliocene, 
Pleistocene,Ho
locene 351m 

U1387 

29 km 
SSE of 
Faro 

36°48.321′N, 
7°43.1321′W 559.1m 

Faro 
Drift  

Pliocene, 
Pleistocene,Ho
locene 97 m 

U1388 

50km 
SW of 
Cadiz 

36°16.142′N,6
°47.647′W 663m 

Cadiz 
sand 
sheet 

Pliocene, 
Pleistocene,Ho
locene 3.6m 

U1389 

90 km 
Wof 
Cadiz 

36°25.515' 
N,7°16.683' W 644 m 

Huelva 
sheeted/
patch 
drift 

Pliocene, 
Pleistocen,Hol
ocene 307 m 

U1390 

130km 
Wof 
Cadiz 

36°19.110' N 
and 7°43.077' 
W 992 m 

Guadalq
uivir 
drift 

Pliocene-
Quaternary 438 m 
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Core Interpretation  

Detailed core description of the entire core analysis was conducted. Sediments from sections of 

the cored data were sampled in order to establish an accurate chronological and stratigraphic 

correlation. Visual core description and hand drawn core logs was made for the entire 5.5km 

long cores section recovered from all five wells during the Expedition 339.  

However, for this study the core description reports, and hand drawn core logs were reanalysed, 

and the similarities and differences from the sedimentary units were noted. First, a brief 

assessment and qualitative analysis of the draw log from aboard the cruise (339) was done. 

Some of sedimentary sequences examined showed no features immediately characteristic of 

turbidites, contourites or hemipelagite but careful analysis of the cores enabled the 

determination of a distinction. Important sections of turbidites, debrites and contourites were 

also identified. 

2.1.4 Other IODP Data 

During the drilling stage and coring process, some additional data were continuously measured 

downhole in U1386C, U1387C, U1389A, U1389E and U1391C. These data include the VSP 

(vertical seismic profiles) downhole logs acquired with Schlumberger logging tools. The 

sedimentological datasets, acoustic and log data recovered from hole measurements, on-board 

results and post-cruise analysis are made available for this study and were accessed via the 

IODP website as well as directly from other scientists involved in the studies.  

2.2 Methodology 

In order to lay emphasis on how different types and stages of tectonic activities affect 

sedimentation, the main deformation episodes were first determined. That is, the time of 

occurrence, how it controlled the evolution of the contourite depositional system (Hernández-

Molina et al., 2006b) and how they correlated in a regional scale. This section explains the 

detailed methods used for the following work programmes: 

i) Detailed seismic stratigraphic and structural interpretation of the Miocene-

Quaternary record in the sections where morphostructures were identified: 

Basically, seismic interpretation and age calibration is performed in the study area 

using 2D seismic data set. The deliverable for this includes main horizons, seismic 

units and their ages which when looked at collectively provides an understanding of 

the stratigraphic background for the area. Subsequently, a more detailed analysis is 

conducted on the main morphostructures. 
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ii) Morphostructural mapping using the SWIM+GEBCO bathymetry and seismic lines 

on ArcGIS software 

iii) Morphometric Analysis 

iv) Identification of the main episodes of deformation/activity recorded in the 

sedimentary succession: this task involved assigning ages to the tectonic episodes. 

v) Reconstitution of the tectono-sedimentary evolution of the morpho-structural 

features at local scale. 

vi) Correlation of these local tectono-sedimentary episodes with regional tectonic 

phases. 

vii) Sediment data compilation, core logging and targeted sediment grainsize analyses 

from IODP 339 boreholes. 

2.2.1 Seismic Analysis 

Seismic Acquisition and Processing  

Fundamentally, the vertical seismic profiles were acquired by sending sound waves through 

the subsurface via a seismic source e.g. an airgun (Fig 2.6). As the sound waves hit the 

subsurface lithology, it is reflected and recorded on a receiver. The acoustic impedance of the 

medium being travelled through affects the speed of each sound wave. When the wave meets 

a lithological boundary separating two rocks with varying density and or velocity and acoustic 

impedance some of the waves is reflected and are recorded on the receiver as a seismic trace. 

Ideally, the reflection would form a perfect spike, but this is seldom the case, more frequently 

observed are more gradational seismic waves caused by lithological inconsistencies and 

interference. That means the seismic profile is a snapshot of the subsurface and the reflectors 

represent the different properties of each lithology encountered. In addition, the magnitude 

of the reflection coefficient is an indication of the amount of contrast between both 

lithologies.  
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Fig 2. 5 Example of a typical TGS Nopec seismic line. 

Seismic Profiles 

Understanding the tectono-sedimentary evolution of the Algarve basin and the Gulf of Cadiz is 

highly dependent on the seismic stratigraphic interpretation of seismic profiles (Fig 2.5). For the 

purpose of this study, data acquired by the oil company (TGS Nopec) offshore from two survey 

projects covering an area of 15000sqkm were used (Fig 2.7). 

The lines which extend from the shelf break to about 3000m water depth downslope were used 

to image the main morpho-tectonic features from the slope to the abyssal plain. Approximately, 

68 of the 2D seismic lines used were acquired during the 2000 TGS Nopec seismic acquisition 

project and are made available for this research. The 2D lines are approximately 5km apart and 

33 lines strike in the NNW-SSE direction while 14 trend in ENE-WSW directions (Fig 2.8). 

Their relative density in addition to the opposite direction of both sets of lines makes the 2D lines 

a ‘pseudo’ 3D. (Fig 2.8) 

 

 



 

 18 

 

Fig 2. 6 A) Schematic showing the movement of seismic sound waves from source through the subsurface lithology and back 
to the receiver. B) A more detailed example showing how VSP data is obtained and the location of subsurface reflectors in a 
hypothetical scenario. C) a shale to sand layer showing low to high impedance contrast D) A example of a seismic trace 
associated with impedance contrast in lithologic material. Images in A and B after Hardage (1985) and C and D modified from 
Rider (1996). 
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Fig 2. 7 Shows the complete seismic lines used for this study , red shaded area  is the area with least  structural interruptions  
and best results presented  for the most part of the study B ) Shows the seismic map underlain by the bathymetric map created 
from a compilation of different projects (Zitellini et al., 2009). The blue shaded area is the overall area analysed while the red 
shaded area (black rectangle) is the area that has the best results.  
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Fig 2. 8 A seismic cube showing two 2D seismic lines intersecting and appearing to be a 3D. 

Also, features and reflectors were viewed from different angles. During this project, lines PD00 

were acquired using a 6km long streamer (TGS 2005). The vertical axis on the seismic profiles 

are in two-way travel time (TWTT) in seconds which is the time taken for the waves to travel 

down from the seismic source to the geological interface and back to the receiver. Although the 

lines recorded the subsurface images up to 12.2s TWTT, the reflectors were only clear up to the 

5s TWTT mark and below that the features were obscure. 

Seismic Interpretation   

This stage involves the definition and characterization of seismic units from the Miocene to 

present times and the main elements of their internal architecture. Seismic interpretation and age 

calibration were conducted on a small part of the study area (red box in Fig 2.7A). This allowed 

a knowledge of the stratigraphic background of the area. Firstly, the horizons were identified and 

mapped, and the seismic units were named and described. 

Well Calibration  

The IODP wells 1386 and 1387 are used to calibrate the interpretation and allocate approximate 

ages to the major horizons. This was done while putting into consideration the unconformities 

picked in previous studies like (Hernández-Molina et al., 2006b); (Brackenridge et al., 2013) and 

(Roque et al., 2012). Seismic units were picked, and the ages of each horizon calibrated with the 

wells. 
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Identification of the Main Horizons  

Seismic horizon interpretation involved selecting horizons based on lithofacies boundary, 

biostratigraphy or unconformity. In this case, seismic horizon is selected based on unconformities 

(Discontinuity, unconformities, angular unconformities and nonconformities) (Fig 2.9). 

 

 

  

Fig 2. 9 3D cubes showing the different types of unconformities identified in this study  

The seismic sequences or units in this chapter refers to the depositional sequences or reflectors 

between each upper bounding unconformity and a lower bounding unconformity (Mitchum Jr, 

1977). Typically (but not always), a group of reflectors in one unit have different characteristic 

from those of adjacent units. The description of reflection parameter within each unit gives a 

geologic interpretation of the environmental setting. 

Identification of Discontinuities/ Unconformities  

Different depositional sequences (conformable succession) are identified on the seismic profile 

by locating and tracing the top and base discontinuities (boundaries). In order to accurately map 

the discontinuities, the reflection truncations such as top discordant (erosional truncations & 

toplap) and bottom discordant (down lap and onlap) are first identified (Mitchum Jr, 1977) (Fig 

2.10). Note, the sequences were also picked bearing in mind the seismic reflection characteristics 

useful for identifying contourites drift as outlined by previous authors. (Nielsen et al., 2008), 

(Howe et al., 2008), (Faugères et al., 1997), (Rebesco and Stow, 2001) and (Stow, 2002b). The 

unconformities are marked by reflectors of high amplitude and or clear changes in the acoustic 

amplitude. The unconformities are particularly obvious around areas with topographic highs or 

DISCONFORMITY ANGULAR 
UNCONFORMITY 

NONCONFORMITY 
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lows e.g. around diapirs, large faults. Afterwards a new Horizon was created (and a different 

name & colour assigned) for each unconformity identified. 

 

Fig 2. 10 A diagram showing a typical seismic unit and the truncations and a few other seismic stratigraphic terminologies. 
Stoker et al (1977), Vail et al.(1977). 

Different picking tools were used during the horizon picking process but the most commonly 

used were the auto picking and manual tools. Once a peak or trough is chosen as the 

unconformity, it is tracked mainly by using auto picking tool in Kingdom but across faults and 

around diapirs, folds or other obstacles the manual horizon picker becomes the more reliable 

option. The seismic discontinuities are then correlated with main discontinuities identified in the 

offshore IODP 339 wells in order to determine their  approximate ages (Hernández-Molina et al., 

2016). 

The seismic discontinuities are then correlated with main discontinuities identified in the offshore 

IODP 339 wells in order to determine their  approximate ages (Hernández-Molina et al., 2016). 

Seismic Unit Description  

The seismic units mapping involved making a note of the following: a) the top and base 

boundaries b) types of reflection termination c) Facies of the unit d) the shape of the unit e) lateral 

changes (if any) in reflectors f) lateral changes in thickness. Also, the general difference in 

acoustic and physical properties are noted and described. For more detailed description the 

following properties are included: top and base boundaries, the type of reflection termination, 

shape and strength of the reflector amplitude, lateral or spatial changes in reflector pattern, and 

thickness or continuity. Timing of deformational events is constrained using both unconformities 

and other markers of syn-depositional tectonic activity. 
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Horizon Grid Map creation 

The grids are derived from horizons mapped via a gridding operation. To create a grid the 

software mathematically interpolates distribution of the picked horizon to a specified series of 

grid nodes. Gridding then converts the random horizon data to regular XY orientation by 

regularly distributing values at the grid nodes. 

The created grids of each horizon are displayed on map view as colour raster maps. The horizons 

are also viewed in volume views.  

Contours  

For contouring to take place, first a grid is generated from the input horizon using a simplified 

input distance gridding routine. Then, the contouring program does a bi-linear interpolation along 

the arm of each grid square located at the entry and exit point of each contour. The contours are 

then drawn according to the set output parameters. 

Computing Isochron Maps 

The next step involved computing isochron maps of each seismic unit. The top bounding 

unconformity and the bottom unconformity for each unit are inputed into the computer isochron 

map window and an isochron is generated (Fig 2.11). 

 

Fig 2. 11 A screen shot showing an example of the typical input for computing isopach map. 

Challenge 

In some areas, it was challenging to conduct adequate seismic interpretation. Factors such as 

seismic facies changes, intensive faulting, fluid escape features concentrated in the GOC (above 



 

 24 

the AWC) hindered an accurate generation of diapirs tectonic history and the interpretation of 

diapiric phases. 

2.2.2 Morphosedimentary Analysis  

A range of different morphological features were identified on the seismic profiles, and these 

were first described qualitatively. Detailed mapping of the main seismic units and horizons 

within the Neogene section had been done in other studies such as (Hernández-Molina et al., 

2014); (Llave et al., 2001); (Stow, 2002d); (Roque et al., 2012); (Brackenridge et al., 2013). 

Additionally, the large morphological and erosional features have been mapped in F. J. 

Hernández-Molina et al. (2014). Here, the more detailed description of the important 

morphological feature was carried out. Also, some of the key horizons previously mapped on 

seismic lines were linked to the nearest wells available (IODP 339 sites U1386, U1387, U13888, 

U1389 and U1390) to better estimate their ages. These ages were included, as they were relevant, 

in the descriptive phase of the seafloor morphological analysis and so provided a better 

understanding of both the morphotectonic and the morphosedimentary evolution. 

A layer (shapefile) was created for each mapped feature. The characterisation was continued in 

ArcMap with descriptive columns added in the attribute tables. Maps of individual features plus 

a composite map showing all the features was also generated and used as the background map 

for further description. Distinguishing between varying categories of a feature was also found to 

be useful in observing clusters, trends and spatial variation or similarities. 

Morphometric Analysis  

Quantitative analysis of the morphological features was either done manually or automatically 

in the ArcMap software. In addition to other analyses, manual geomorphological mapping of the 

seafloor features was conducted with the aid of 2D seismic lines, bathymetric data and 3D analyst 

tools in ArcGIS. Visualisation of the features was made easier by the use of morphometric maps 

previously extracted from bathymetric data such as Hill shade, Curvature, Slope, and Aspect. 

Despite all the visualisation tools and maps, the spacing between the seismic profile grids made 

the extent and characteristics of each feature sometimes subjective and limited to the interpreter’s 

expert knowledge of general geology and local geology of the area. The limit of each feature 

upon identification and confirmation was digitized either as a polygon or a polyline. A shape file 

was created for each of the morphological features, further detailed characterisation carried out, 

and new fields created on the attribute table. The area was particularly challenging to map 

because of the spacing between the 2D grid profiles.  
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For the former, quantitative measurements of interesting features visible on the sea floor were 

carried out on the seismic profile and base map using the ruler tool. These measurements were 

calibrated by comparing the measurement on Kingdom SMT with the measurements of ArcGIS 

SWIM bathymetric raster map. Lateral measurements were mainly left as TWTT but in order to 

compare these to the measurements on ArcMap, TWTT was converted to meters.  

By contrast, the ArcMap software is programmed to create minimum bounding surfaces that is 

as similar to the shape of the features as possible. General values that can characterise the feature 

such as number, angle, height, gradient width, length, area, and so on, were automatically 

generated and included in the attribute tables. These values were later used for further statistical 

analysis, hydrology, morphometrics, and other considerations. Other types of analytical features 

were also created manually. Profile sections across and along the selected bathymetric features 

were automatically generated using 3D analyst. 

Basin Morphology Extraction 

The method presented here is a multi-stage process using a sequence of useful tools available 

within the ESRI ArcGIS Toolbox. Firstly, different maps were created using the ArcGIS tools. 

Viewing of the maps using different visualisation tools provides a clear picture of the 

morphological features visible on the seafloor (Fig 2.12). 

 

Fig 2. 12 Bathymetric Map Tiff. from Emodnet imported into ARCGIS . Colours from red(shallow water) to red  (Deepwater) 
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Manual Mapping 

In addition to other analysis, manual geomorphological mapping of the seafloor features is 

conducted with the aid of 2D seismic line, bathymetry data and 3D analyst tools in ArcGIS. 

Visualisation of the features was made easier by the use of morphometric maps (such as Hill 

shade, Curvature, Slope, and Aspect) previously extracted from bathymetric data. Despite all the 

visualisation tools and maps, the spacing between the seismic profile grids makes the extent and 

characteristics of each feature is somewhat subjective and constrained by the interpreter’s expert 

knowledge of the geology of the area. 

The first step includes identification and delineation of each morphological feature. The limit of 

each feature upon identification and confirmation are digitized as either a polygon or a polyline. 

There for each polygon or polyline is a shape file which represents the area of the seafloor shaped 

by the particular features. The second step involves further detailed characterisation; similar 

features are grouped and imputed into new fields created on the attribute table. The area was 

particularly challenging to map because of the spacing between the 2D grid profiles. 

Morphometric Feature Extraction 

The morphometry of each of the features mapped are extracted in order to quantitatively measure 

their shape and spatial distribution. A number of scripts are run to extract the morphometric 

characteristics for each individual feature and the attribute tables are populated with 

morphometric attributes like area, mean etc. Depending on the feature being analysed, the input 

data required to generate morphometric attributes can either be polygon, polyline from manual 

mapping, or the digital elevation model (DEM). Where automatic mapping was done using DEM, 

the output can be either a polygon shape file, or point shape file. Each of these output shape files 

also included all the morphometric attributes measured for each mapped pockmark within their 

attributes table. For example, a polygon automatically delineated produced a polygon shape file 

that delineates the pockmarks at seabed, a point shape file that shows the centroid of the polygons 

and another a point shape file that marks the deepest point within each mapped pockmark. 

Additionally, pockmark values like Minimum Depth, Minimum Area, Minimum Area/Perimeter 

Ratio and Buffer Distance are input automatically into the attribute table. Visual assessment of 

the areas delineated automatically are compared with the manual shape files. This allows for the 

verification that the mapping was done correctly. In general, the accuracy of the output will 

always depend on the quality of the input data i.e., the resolution of the original DEM/ 

bathymetric map. 
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Hydrology 

In order to understand the hydrology in the basin the steps highlighted below were followed using 

a special tool called Spatial Analyst to model the flow of water across the sea floor. These tools 

included: fill, flow direction, flow accumulation, basin, watershed, and stream order (Fig 2.13). 

The downloaded bathymetric data of the study area was imported into ArcGIS as a raster file. 

The watershed was automatically delineated using the hydrology tools in the ArcGIS Spatial 

Analyst toolbox. Some tools can read the derive data values directly from the elevation map but 

other tools needed ArcGIS to first configure the information derived from the elevation map in a 

way that it can be fed into and read by subsequent analytical tools in other to produce 

unambiguous results. 

 

Fig 2. 13 Showing steps used for automatic computation and analysis of flow direction from imputed elevation surface. 
Modified from: help.arcgis.com.  

Fill 

Fill is usually the first tool used. The tool syncs in the surface elevation raster to remove small 

imperfections in the area. This tool requires an elevation to begin, and then sinks into the surface 

raster to remove small imperfections (Fig 2.14). 
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Fig 2. 14 Illustration showing how the fill tool works by applying surface raster to remove small imperfections 

Flow Direction 

This tool determines the flow direction from every cell in the raster, i.e. the output rasters show 

the direction in which water would flow out from each cell.  The surface is taken as input and a 

raster file in percentage as an output. The direction of flow is produced by the software computing 

the maximum drop from each cell along the flow to the path length between the centres of the 

cells using the formula: 

Maximum drop = change in elevation value / distance *100 

Note that the distance is calculated between cell centres. Water can flow out of each cell in one 

of the eight directions (also known as the D8) created following methods of Jenson & Domingue 

(1988). Below in (table 2.2) the coding of the direction of flow and flow accumulation is 

presented Some cells may not produce a value but are very important as they create an output 

that get imputed into order hydrology functionalities. 
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Table 2. 2 Steps used for automatic computation and analysis of flow direction from imputed elevation surface modified from 
help.arcgis.com. Note that the values shown here are random chosen values for the purpose of explanation. 

Flow Accumulation 

The flow accumulation tool creates a raster representing accumulated flow into each cell. That is 

the tool that depicts where the flow from different directions commuted earlier would be 

concentrated. This is one of the important steps in the process of delineating stream channels – 

an example of how flow direction is computed in ArcGIS (source: help.arcgis.com). These 

network data sets created from flow accumulation are not valuable on their own but feed into 

other analyses. The flow accumulation tool is used to calculate the number of upslope cells 

flowing to a location that the output flow direction raster created in a previous step, which is used 

as the input, and a threshold is specified in the map algebra tool. The value used depends on the 

size of the pixel and the raster. The larger the water shed the higher the value. For this study a 

value of >1000 was used, which means that of cells with more than 1000 cells flowing throw 

them will be part of the stream network. 

Basin 

In this step, a basin tool is used to create a raster delineating all drainage basins. The input raster 

is the flow direction raster showing the direction of flow out of each basin. The basin rasters are 

then converted to polygons using the raster to polygon tool (Fig 15). The total basin areas and 

basin area for each basin polygon is calculated using the geometry calculator. 
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Fig 2. 15 Polygons showing the different basins(separated by red lines) computed in ArcGIS  

The first step involved removing the imperfections or sync of the raster using the fill tool. The 

next step was to determine the direction in which water would flow from each cell and this was 

done using the flow direction tool. In step three, a basin tool was used to create a raster delineating 

all drainage basins. The resulting raster of the basin was transformed to polygons using the raster 

to polygon tool. Several sub-basin polygons were created in the areas. An initial glance at the 

basin polygons revealed that the area has two large basins in the middle while the SE and NW of 

the study area has several relatively smaller sub-basins (trending in similar direction) (Fig 2.15). 

The smaller basin polygons are merged together to create large basin polygons.  

Firstly, for ease of analysis, the polygons were initially grouped into 4 main basins (A, B, C and 

D). However, further analysis was carried on mostly A, B, and C which corresponds to the area 

with the 2D seismic profile grid (Fig 2.16). This enabled calibration and comparison with 

interpretations of other studies. 

Secondly, for the purpose of the analysis and distinguishing between seafloor above AWC and 

absence of AWC complex, all the polygon A and B merged together by clipping the from the 

shape file of the other polygon using the clip tool of the reprocessing menu. The newly formed 

large single southern basin that covered the accretionary wedge area was renamed X. (Fig 2.17) 

in addition C and D were the same but replaced with Y and Z respectively (Fig 2. 17). 

.  



 

 31 

 

Fig 2. 16 Map showing the automated drainage basins and the extent of Accretionary wedge complex. 

 

Fig 2. 17 New subdivision of study area into three based on the extent of Accretionary wedge complex. X created by adding A 
and B from (2.16), Y and Z are same as C and D (in fig 2.16) respectively. 

Stream Length, Stream Order and Drainage Density  

The next objective was to calculate the stream network. Stream network layer for each basin was 

transferred into polylines using the raster to polyline tool. Streams were clipped to the watershed 

area within the basin polygon A and B. 

Basin 
polygons 

AWC   

Z 

Y 

x 
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Creation of different basins leads to further useful hydrological factors, such as stream order, 

length, drainage density, and the hypsometric curve. The maps for each of these were first 

automatically delineated using the hydrological toolbox. Some quantitative values were also 

automatically defined and recorded in the attribute table while others were derived using the 

known (widely accepted formulas) as listed in literature review section above. 

Stream order layer for each basin is transferred into polylines using the raster to polyline tool. 

Streams are clipped to the basin. The grid code of the streams is used to generate stream density 

using the line density toolbox. 

Drainage density was another important morphometric analysis carried out. To determine 

drainage density, the basin is divided into small grid cells of equal area. The length of all streams 

is calculated for each cell and divided by the area of the cell. The grid cell values are classified 

into 4 or 5 categories and used to generate stream density using the line density toolbox. The 

pictorial representation was produced. However, the general drainage density value can also be 

calculated by computing and summing the length (in km) of each stream network polyline. 

In addition, the area of each major basin was computed, and drainage density was calculated 

using the formula, total stream length / area. Other hydrological features were then computed, 

such as stream order, stream number, stream length (from stream polyline). 

Hypsometric Curves 

The already available DEM for each basin is used as input data. Here we used the second method 

proposed by (Langbein, 1947) i.e. the percentage HC. Basically, the area enclosed within each 

contour and the next higher contour is related to height of the contour. The flowing steps were 

used for hypsometric curve creation and analysis: 

• Draw the outline at particular intervals within the basin 

• Determine the total area of the basin and calculate the percentage of the area of the basin  

• Determine the area above each contour for hypsometric curve computation and analysis  

• Plot points taking the relative basin area (cumulative percent) values on the x-axis and 

the contours on the y-axis  

• Join the points. 
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Fig 2. 18 Plot of relative area vs relative height showing the different stages of channel maturity. 

Note that the more mature the river, the more concave the hypsometric curve. The next stage 

involved the analysis of the hypsometric curves, similarities and differences, and how they 

resemble the model hypsometric function 2. In addition, a comparison of hypsometric data with 

other data, such as slope and drainage network and characteristics, is carried out in order to assess 

any significant differences. 

Sedimentological Analysis 

Visual Core Description 

During the Expedition 339, the 5.5km of recovered core was divided into two, a working half for 

sampling and analysis, and an archive half for core description, photography and then long-term 

storage under refrigerated conditions. Details from preliminary studies were recorded on 

Sediment Visual Core Description Sheets (VCDS). Site, hole, and depth (in mbsf or mcd, if 

available) are given at the top of the VCD sheet and the associated depths of core sections along 

the left margin. Columns such as Coring Disturbance, Graphic Lithology, Bioturbation Intensity, 
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Sedimentary Structures and Bedding Types, Average Grain Size, Sample Types, Colour and 

Accessory Components, are also available on the VCDS. 

 A visit was made to the core repository in Bremen where the cores are stored after the expedition 

(Fig 2.19). The standard technique of splitting a core by pulling a wire lengthways through its 

centre tends to smear the cut surface and obscure minute details of lithology and sedimentary 

structure. To get a clearer view of the features it was sometimes necessary to gently scrape across, 

rather than along, the core section using a stainless steel or glass scraper to prepare the surface 

for unobscured sedimentological examination and digital imaging. Scraping parallel to bedding 

with a freshly cleaned tool prevented cross-stratigraphic contamination.  

Selected core sections were examined and re-described by this author in order to verify the 

shipboard descriptions. Additional description or analysis was done by using the core photos 

taken on board. For the most part, therefore, this study relied on the detailed core description and 

hand drawn core logs of the entire cored section from wells U1386, U1387, U1388, U1389 and 

U1390 done during IODP 339. 

Detailed observations of each section were originally logged manually on paper (the VCDs) and 

schematic ‘draw logs’ prepared by the shipboard Sedimentologists. The VCDs were also 

summarised and presented graphically, adjacent to the printed scanned image of that section. 

Copies of all original descriptions and visual core description sheets, which provide a summary 

of the data obtained during shipboard analysis of each sediment core, are available from IODP 

upon request. 
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 Fig 2. 19 Examples of some the lithofacies identified from the IODP 339 cores (from Stow et al 2013) 

Sediment Facies Analysis 

The different sediment facies recognised on board as well as by different post-cruise studies 

included contourites, turbidites, Debrites, slumps, pelagites and hemipelagites. These different 

facies were examined carefully for the present study to ensure that this author agreed with 

previous interpretations. All previous interpretations were considered valid, except for a few 

cases where differentiation between contourites and turbidites, and between hemipelagites and 

muddy contourites was considered equivocal. These were noted as ‘unknown’ facies for the 

purposes of this study. 

Subsequent sampling and sedimentological analysis targeted these different facies, particularly 

the turbidites, contourites and unknown facies. 
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Fig 2. 20 A) is showing a typical contourite sequence (B-D) examples of contourite sequences E) a typical turbidite sequence 
(Bouma sequence) and (F-H) examples of turbidite sequences (core logs are taken from IODP 339 shipboard logs constructed.  
E.Ducassou ) 

Petrographic Analysis  

Standard sedimentological analysis was carried out on selected samples from the different facies 

identified (as above).  

Smear Slides 

Smear slides analysis requires only a small amount of sample and it is fast, simple and cheap 

technique. And as such it was the main technique employed in this study for petrographic analysis 

of silt and sand-size marine sediments with the aim of identifying small scale variability and 

possible source areas. Smear slides were made from selected facies types, and from the base, 

middle and top of interpreted turbidite beds, contourite bi-gradational sequences, and from 

unknown layers.  

Smear Slide Sampling 

Smear slide samples were obtained from the halves archive during IODP 339 core description. 

The samples for the smear slide analysis was selected based on the lithological variation observed 

in the cores. Samples were taken from selected ‘turbidite layer, Contourite layer and a few 

interesting but ‘unknown layers’ with features of specific interest. This amounted to 

approximately (20) Smear slide samples taken from different sections of interest in U1386 and 

U1387 preserved core samples. Since sands are good for recognizing and distinguishing 

environment of deposition, specific relatively sandier sequences (contourites, turbidites and 

debrites) from the wells (or from well U1386) are useful for detailed mineralogical analysis. 

Smear Slide Preparation  

Slide labels were affixed to the end of long glass slides, and to avoid any bias during analysis the 

exact slides were labelled numerically rather than with the exact section number or facies type. 
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A small amount of sediment (only about 1mm3) is taken with a wooden toothpick from the 

selected sections. This is dispersed evenly in water on a clean clear 25 × 75mm glass slide using 

one or two drops of distilled water (Fig2. 21(A). The slide is place on a hot plate and dried (Fig. 

2.21(B). Two drops of Optical Adhesive are then applied, and a 22 × 30 mm cover glass placed 

gently to avoid any trapped bubbles (Fig. 2.21(C). Because it was difficult to avoid air bubbles 

in smear slides of sandy sediment greater than 63um grain size, the larger grains are separated 

from some slides. The best sediments (4-63 um) are used to create covered smear slides while 

those larger size samples are scooped with a wooden toothpick and glued to the bottom slide, 

dried and analysed uncovered. The open slides were especially used to capture macrofossils (not 

visible with the naked eye) which would otherwise have been left behind in the core because of 

the minute nature of the samples picked up by a toothpick. 

 

 

 

Fig 2. 21 Photos showing the different steps followed for smear slide preparations (A) picking of the sample with wooden 
toothpick and smearing on glass slide (B) heating of the smear and water mixture on slide (C) glue application and covered 
slide.  

Microscope Analysis  

Each slide was studied through the eye piece of a high-quality Zeiss petrographic microscope 

with a transmitted light.  The eyepiece micrometre was calibrated once for each magnification 

and combination of ocular and objective, using an inscribed stage micrometre.  

Firstly, the components and sizes of the sediments were identified by initially scanning the slide 

at 10x objective to see the general grainsize distribution (because it quite usual to see large 

sediments clustered at the edge of the resonated area). The grain size population was 

A B C 
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characterised according to the Wentworth scale and categorizing the grains into clay (<4 µm), 

silt (4–63 µm), and sand (>63 µm) fractions. The percentage of each size fraction was estimated 

by comparison with standard charts of grain amounts in a field of view. Also important is the 

identification of components that are not part of the sediment, such as air bubbles or toothpick 

fragments. Secondly, the relative volumes of the different components were estimated (in 

percentage) at this first scale of observation. 

Thirdly, one or more representative areas of the slide were then selected, viewed on a different 

magnification and zoomed into for a more detailed analysis. The relative proportions, colour, 

characteristics and distribution of each grains was noted. Throughout the analysis it was useful 

to apply standard petrographic techniques to identify mineralogical composition and 

microfossils. For example, swapping between plane and crossed polarised light made visible the 

true colour/reflectivity of the opaque and non-opaque minerals present and the rotation of the 

stage ensures any birefringence colours are revealed. 

The main components were identified (as far as possible) and an estimation made of the sediment 

component and proportion. The relative abundance of siliciclastic, carbonates, organic matter 

and diatoms were recorded.  The sedimentary components were described using an approach 

developed by the Joint Oceanographic Institution for Deep Earth Sampling (JOIDES) (Dean et 

al., 1985) and (Mazullo et al., 1987). Note that the open smear slides which were created for a 

couple of sections with sediments and fossils larger than sand size and that couldn’t be 

incorporated into a covered smear slide were also analysed. This enabled us to get a rough 

estimate of their proportion which would have otherwise completely missed or underestimated. 

Clay-sized bio-silica, being transparent and isotropic was very difficult to quantify. Details of 

clay minerals, micrite, and nannofossils at the very finest (less than ~4 µm) size range are best 

studied using XRD or SEM. 

 The findings from the petrographic analysis are first recorded on a typical IODP smear slide 

classification scheme sheet (appendix 2a). The chart includes information on name, well detail, 

sample location, projected percentages of texture (i.e., clay, sand and silt) and the estimated 

percentages of composition (i.e., detrital carbonate, siliciclastic, biogenic ash, silica and biogenic 

carbonate). Relative abundances were recorded using a standard semi-quantitative scale – A: 

abundant (>20% of field of view), C: common (5-20% of field of view), F: few (1-5% of field of 

view), R: rare (<1% field of view), P: present (1 per 1-10 fields of view), and B: barren (none 

observed anywhere). In order to avoid ambiguity, all this information was recorded in a summary 

table is created on excel Table 2.3). 
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Table 2. 3 An example of the sheet used for recording smear slide observations during microscope analysis. 

Sample 

Interval 

U1386. 

Percent 

Texture 

Sand T 

 

 Percent 

Composition 

Ash %  

Silt%  Silicicastic%  

Clay % 

 

 Detrital Carbonate 

% 

 

Total texture 

% 

 Biogenic Carbonate 

% 

 

Mineral 

grains  

Quartz   Biogenic Silica %  

Clay  Total Composition 

% 

 

Feldspar  Microfossils  Calcarous 

Nannofossils 

 

Mica   Foraminifer  

Heavy 

Minerals 

  Diatoms  

Opaques   Radiolarians  

Gluoconite    Silicoflagellates  

Aughtigenic 

Dolomite  

  Other Microfossils  

Autigenic 

Calcite  

    

     

Biogenic 

Fragments  

Pteropod 

fragments  

Biosiliceous 

Fossil 

fragmnents 

Sponge 

spicules  

Biogenic fragment 

size  

Biogenic 

fragment  

roundness 
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X-ray Diffraction Methods  

Analyses of sediment samples by X-ray diffraction (XRD) is a normal aspect of shore-based 

shipboard measurements. Whereas it is comparatively easy to note the existent type of minerals, 

it is more problematic to estimate the relative abundance of a mineral with meaningful accuracy 

(Moore, 1968); (Cook et al., 1975); (Heath and Pisias, 1979); (Fisher and Underwood, 1995, 

Underwood et al., 2003). The most common approach for analysing marine clays has been to 

apply the (Biscaye, 1965) peak area weighting factors (smectite = 1x, illite = 4x, chlorite = 2x). 

The scientists aboard IODP 339 used these factors to characterize and estimate semi-quantitative 

abundance of clays from all five wells. 

Samples for XRD analyses were chosen from working halves on the basis of visual core 

observations (e.g., colour variability, visual changes in lithology, and texture) and smear slides 

aboard the ship. Each 5-10 cm3 sample were frozen, freeze-dried in the case of unlithified 

samples, and ground by hand or in an agate ball mill, as necessary. More details of the 

specification of device, setting and procedure settings is given in the IODP report. Also, 

according to the IODP reports, the shipboard scientist took into account the possibility of high 

or low error margin depending on the absolute abundance by weight of each mineral (Underwood 

et al., 2003).  

Shipboard results yielded only qualitative results on the relative occurrences and abundances of 

the most common mineralogical components. In this thesis, the results from the bulk XRD 

mineralogy of sand (a technique generally applied to finer size fractions) and cluster analyses of 

XRD spectra are used to determine these sources and transport pathways. Analysis of the results 

are done bearing in mind that the results can be different depending on the also affected by 

differences in chemical treatments, sample disaggregation technique, particle size separation and 

preparation, and the degree of orientation of clay mounts (Moore and Reynolds, 1989) and 

(McManus, 1991). 

2.2.3 Grainsize Analysis 

Grain size is a really important property of sediments that can help elucidate the depositional 

environment, the origin or source of sediments (Krank and Milligan, 1991) and the transportation 

history (McCave and Syvitski, 1991). For quantitative comparison of sedimentary environment, 

values of statistical parameters have to be derived and analysed. The parameters include mean, 

mode, sorting skewness, and kurtosis.  These parameters can be derived either mathematically 

(by the methods of moments) or graphically by reading of selected percentile values from 

cumulative curves (Krumbein and Pettijohn, 1938).  
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For this study, the author used both historic data and original data. The historic data drawn from 

published sources are highlighted in chapter 4. The original data available are those from the 

IODP expedition post-cruise analyses. These have some initial interpretations made by both 

shipboard and shore-based scientists. Both datasets integrated different sediment facies – 

contourites, turbidites and hemipelagites. The analytical methods used for both datasets are 

presented below. 

The research utilised two sets of data (IODP 339 data core data and Published data). Below is a 

brief description of the techniques deployed in the acquisition and analysis of the turbidite data 

set. The original data was from the IODP 339 expedition but unfortunately, the turbidite 

recovered were insufficient and not statistically viable. In view of this, and with the intent of 

resolving the relationship between the turbidity current activity and grain size, it required 

sampling a section from different areas to have a good representation of high sedimentation, high 

frequency, the effect of varying tectonic and sea level. Hence, in order to provide a good 

statistical basis, grain-size data from several literature (table 6.3) were also used in this 

contribution. Variability between sands where a single sample of sand may not provide the 

complete information resulted in the need for analysis of ten or more samples from the same sand 

to get a good insight from the sand. Also, a combination of closely related samples from a single 

depositional or transport system (known as “sample suites”) useful in providing an even more 

accurate and complete picture (Martın-Chivelet et al., 2003). 

Published data  

Majority of the grainsize data was drawn from published paper of mainly turbidite. This was 

done intentionally, as the objective was to first obtain the global size characteristics of typical 

turbidites, rigidly define them and then proceed to do a possible comparison with deep-sea 

sediments and sediments from other environments. Selection of the publications to be used was 

a challenge and many good locations had to be excluded either due to space constraint or because 

of lack of clarity / format that suits. 

A section of the grainsize study was based on analysis of 30 case studies of deep-water systems 

worldwide collected mainly from published data with the exception of a few unpublished papers. 

Table 6 .3 shows a summary of the all the data used with columns indicating their exact location, 

dominant depositional process, age, depositional setting /control and references. Fifteen of them 

were predominantly turbidites, with about six contourite sites and two predominantly 

hemipelagite locations. In the papers used, grain size data were presented in one or two of forms 

stated below. 
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For a comprehensive and comparative study of different turbidite environments to be possible, 

published grainsize data from basins around the world were extrapolated and analysed. Table 1. 

The grainsize data used from chosen paper were taken from typical turbidite beds. Only data 

from reputable publications and authors were selected. The data plotted were confirmed to be 

really turbidite by verifying from each paper that the author(s) used generally accepted turbidite 

distinguishing criteria such as used for the known Turbidite model (e.g. as Bouma sequence, 

Stow or Lowe sequence etc.).  

Sharp base and gradational tops, the sections samples sometimes had numerous shallow water 

carbonate grains, normal grading in the layers of sand, pebble and silt and reverse grading at the 

top of the sequence. The methods for which each author used to arrive at theses parameters were 

also noted (Table 1) and put into consideration during interpretation. In addition, the data sets in 

each paper was presented differently. In the published papers, grain-size data sets were presented 

either as cumulative frequency curves, frequency curve or in tabular form except a few that had 

a combination of all three presentation formats. Therefore, reference to various published papers 

played a vital role in this study. See highlighted sections in Table 1. In addition, the original data 

values are those from the IODP expedition. These have some initial interpretation made by both 

shipboard and shore-based scientist. The analytical methods used for both data set is presented 

below. 

i) Tabulated Grain-size Data 

Already computed statistical data (mean grain size, standard derivation (sorting), skewness, 

kurtosis, mode and median) was presented either as a table or as an appendix for some of the 

published data. Some more comprehensive tables also included percent content of sand, silt and 

clays. Note that not all the papers with tabulated data had the complete set of statistical 

parameters. In most cases only the three most commonly used graphic measures i.e. average grain 

size, sorting and skewness while in few others the complete statistical data which included mode, 

median and kurtosis were presented. The exact statistical data obtained from each paper can be 

seen in summary table above. 

ii) Unit Conversion Check 

This critical step is frequently overlooked in grain-size analysis. Most of the data had the 

statistical parameters presented using varying units (ɸ or Micron). So, prior to any further 

statistical analysis, the units for such as scatter plot or tables are checked to ensure uniformity. 

Most of the data were already presented in ɸ, which matched the Gradistat logarithmic method 

(described above) that were used for the IODP 339 original data. However, for calibration sake 

and for some part of the results (like CM plot) where the result needed to be presented in microns, 
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the formulae below (created by (Krumbein, 1937) was used to convert from one unit to the other. 

These were plotted in some test excel sheet for the purpose of comparison with data. 

             or   

Where 

 ϕis the Krumbein phi scale  

D is the diameter of the particle or grains in millimetre and  

D0 is the reference diameter, equal to 1mm  

iii) Cumulative Frequency Curves 

For the publications where the results of the grain-size analysis were only presented as curves (in 

figures) and the original data used to compute such plots were not included in the paper, the 

curves were manually digitized. On each curve, the point at which every half phi intersects with 

the curve is noted and traced to the cumulative weight percent on the Y-axis. This was recorded 

and the cumulative frequency values calculated. In order to check the accuracy of the manual 

digitation, an accuracy test is done. The summation of the frequency should give 100%. But in 

cases where they were slightly less than 100% (e.g. 97 or 98 %), such values they are assumed 

to be due to human error and this can be corrected for in excel by rounding up to 100%.  

iv) Frequency Curves 

 For frequency curves, a similar method as that used for cumulative frequency curve is adopted 

except that the cumulative values are not computed but the weight percentage for every half phi 

is simply recorded and summed. The sum is usually a little less than 100 that might suggest that 

a ½-phi digitization does not sufficiently represent the total grainsize. The Gradistat data as 

mentioned below were the best because with those we have the option of choice as the data was 

presented in different format (Blott and Pye, 2001)  

Data Calibration 

For original data description was carried out directly from the sediments and sedimentary rocks.  

On the other hand, for the historic data description done by the author(s) of each of paper from 

which the data was digitized or collected.  

For the historic data, the cumulated weight percentages were derived from cumulative frequency 

curves. Most of the data added up to 100% except a few that were slightly short of the 100 % 

mark (i.e. had a sum of 99 and 98) and were assumed to be due to human error.  However, to 

eliminate the error the total value was not just rounded up to 100. Instead, the difference was 



 

 44 

spread equally among all the size groups by using a percentage formula that evenly distributes 

the difference by increasing the decimal places. 

Data was obtained using different methods; however, comparison of results from the different 

methods provided further insight into the depositional processes involved.  

IODP 339 data 

IODP 339 scientists did the coring, initial interpretation and sampling aboard the ship. During 

the IODP 339 expedition a total of 1534 samples were collected, Turbidites series accumulated 

in the Pleistocene and Pliocene accumulated in only two of the five drilled sites (that is U1386 

and U1387). These turbidites mostly intercalated with other litho-facies like contourites, debrites, 

hemipelagite, slump and reworked turbidite etc. For this study, we are interested in just the 

turbidites, which displays mainly Td-Te divisions and less commonly Tc divisions for (Bouma). 

Shipboard Core Examination and Sampling:  

In some sections where the sampling was done randomly, the spacing of sample point was 50cm 

whereas for more informative sampling (done based on turbidite facies of interest during visual 

examination) the sampling was more closely spaced. However, for the most part the turbidite 

sampling targeted the sandier (base) of turbidite section or attempted to capture sample points in 

different divisions of the sequence bed. More information about sampling can be found in the 

IODP 339 report.  

Samples from the chosen beds were collected for shore base laboratory analysis of carbon-

content, grain size analysis and mineralogical analysis 

Post-Cruise Laboratory Procedure   

Detailed grain size analysis was carried out by sieving the sand fraction and pipetting the silt and 

clay sized material .in some cases the total amount of sand was small no sieving was necessary. 

The remaining apart of sample that passed through sieve as analysed. 

During the IODP 339 expedition a total 1534 samples were collected and subsequently analysed 

at the Environnements et Paléoenvironnements Océaniques, Université Bordeaux in November 

2012. Samples selected for analysis that is more detailed was based on their relatively more 

abundance in the drilled core and on if they were representative of the major sedimentary facies 

been studies. More details about the sampling can be found on the IODP 339 report 

(http://iodp.tamu.edu/scienceops/expeditions/mediterranean_outflow.html). The analysis 

was done using laser counting methods on a Malvern Particle Size Analyser machine. The 
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machine uses laser diffraction to determine grain size as volume percentage. This is a very precise 

method suitable for particles in the range of 0.02-2000 microns. 

Also note that the processed grain size output by the machine is a volume weighted distribution 

as opposed to number weighted (Fig. 2.22B) That is to say that the contribution of each particle 

within the distribution results directly relates to the volume of that particle not just the fact that 

it is present (Malvern Instruments Limited, 2012) . The final result was later imputed into excel 

by the post cruise researchers (e.g. Manu) and the excel sheet made available for this study. 

The cumulative weight percent results of all the samples in the excel spreadsheet were then 

imputed into the Gradistat software. This is a computer software program that performs rapid 

analysis of grain size statistics from the standard grainsize results (Blott and Pye, 2001). All the 

useful statistical parameters, such as mode, mean, median, sorting, skewness and kurtosis were 

computed automatically for arithmetic, geometric (metric scale) and logarithmic scales, using 

both mathematical (moment) method and graphical method (Folk and Ward, 1957). 

Gradistat 

Essentially, a percentage of sediment present in each size fraction (i.e. the weight retained on a 

series of sieves) are saved in an excel format during grain-size analysis or after digitization of 

curves from published data are inputted into GRADISTAT. This is a computer software program 

that performs rapid analysis from standard and non-standard of grain size data  set (Blott and 

Pye, 2001). The GRADISTAT computer program calculates large amount measuring sample 

data both using Folks and Ward and moments methods (Blott and Pye, 2001). The program 

analyses about 50 samples an hour and derives grain-size statistical data and still includes the 

intermediary graph plotting stage (Kane and Hubert, 1963). Samples are analysed either 

individually in the single statistic sheet or in a large group (maximum 250) in the multiple statistic 

input sheet. The former is fundamental when there is need to analyse cumulative frequency curve 

for use in interpretations like CM plot. 
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Fig 2. 22 A) Schematics showing the procedure involved in grain size analysis using laser diffraction (Modified from Malvern 
instruments limited 2012). B) Plots showing the difference between volumes weighted results and number weighted result. 

Whereas the latter is required when only the ‘normal’ statistical measures (mean median mode, 

sorting, skewness and kurtosis) are needed. The software is written in Microsoft Visual Basic 

and runs with an excel spreadsheet package. The analytical results are displayed as graphically 

(as grain-size distribution curves) and tabular (grain-size parameter) (Fig 2.23) 

 

A 

B 
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Fig 2. 23 An example of the output data generated by Gradistat software 

Both formats are produced a range of results for Folk and Ward methods (geometric and 

logarithmic) and the moment methods (arithmetic, logarithmic and geometric). The merits and 

demerits of each methods is listed in table 2.5. Folks and Ward (geometric) method should be 

the preferred option as the values are easier to visualise however most sedimentologists 

traditionally work with phi, which is a precise reflection of data from different published papers. 

It was best to use logarithmic Folk & Ward (1957) and Ward method (highlighted in table x) for 

this study. One major advantage of Gradistat is that it provides results in different units and uses 

a couple of methods so that it is able to view the data side by side and compare parameters which 

otherwise would have been difficult to assimilate (Blott and Pye, 2001) (Fig 2.23).  

For metric unit results for both arithmetic methods and geometrical methods are presented. While 

of Phi Unit of measurement logarithmic method are used and the descriptive terms.  
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Mean Sorting Skewness Kurtosis 

    

Value

s (Phi) 

Descriptiv

e term 

Values  Descriptiv

e term  

Values Descripti

ve term 

Values Descriptive 

term 

-6 to-

11 

cobbles <0.35 Very Well 

sorted  

0.3 to 1.0 Very Fine 

skewed  

<0.67 Very 

Platykurtic  

-2to -

6 

Pebbles 0.35 to 

0.50 

 Well 

sorted  

0.1 to 0.3 Fine 

Skewed  

0.67 to 

0.90 

Platykurtic  

-1 to-

2 

Granules 0.50 to 

0.70 

Moderatel

y well 

sorted  

0.1 to -

0.1 

Symmetri

cal  

0.90 to 

1.11 

Mesokurtic  

4 to -1 Sands 0.70 to 

1.00 

Poorly 

sorted  

-0.1 to -

0.3 

Coarse 

Skewed  

1.11 to 

1.50 

Leptokurtic 

8 to 4  Silt  1.00 to 

2.00 

Very 

poorly 

sorted  

-0.3 to -

1.0 

Very 

Coarse 

Skewed  

1.50 to 

3.00 

Very 

Leptokurtic 

8 to 9 Clay  >4.00 Extremely 

Poorly 

sorted  

  >3.00 Extremely 

Leptokurtic  

 

Table 2. 4 Showing the Gradistat formulae for mean, sorting, skewness and kurtosis for Folks and Ward logarithmic method.  

Basically, the cumulative weight percent results of all the sieved samples the sampled sections 

in an excel spread sheet was then imputed into the Gradistat software. This is a computer software 

program that performs rapid analysis of grain size statistical from the standard measuring 

techniques such as serving or laser granulometry (Blott and Pye, 2001). All the useful statistical 

parameters such as mode, mean median, sorting skewness and kurtosis were computed 

automatically by arithmetic, geometric (metric sale) and logarithmical (Phi scale) using both 

mathematical (moment) method and  graphical method (Folk and Ward, 1957). Since it is not 

accurate to compare between values obtained by different methods. One method had to be 

chosen. Folks and ward (geometric) method would have been the preferred option because the 

values are easier to visualise but most sedimentologists traditionally work with phi and in this 

work data from different published papers were used.  
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Method Output Distribution  Scale Advantage  Disadvantage  
M

om
en

t (
M

at
he

m
at

ic
al

 m
et

ho
d)

 

Arithmetic 

 

normal Metric  Employs entire sample 

population except mean value 

which focus on samples 

between (5-95 %) 

And well sorted sediments 

Seldom used in sedimentology  

Affected by outliers in the tail 

of the distribution as emphasis 

is placed on coarser sediments 

and little or none on the finer 

sediment (McManus, 1988)   

Geometric lognormal Metric Employs entire sample 

population except mean value 

which focus on samples 

between (5-95 %) 

Better accuracy,  

more representative  

Used only where the size 

distribution is fully known 

Over emphasise the 

importance of the tail end of  

Logarithmic lognormal Phi 

G
ra

ph
ic

al
 (

Fo
lk

 &
 W

ar
d)

 

Geometric  Lognormal  Metric  No outliers as equal emphasis 

fine particles and coarse 

sediments 

Describes more accurately the 

general characteristics of the 

bulk sediment  

Provides the most robust bases 

for routine comparison for 

compositionally variable 

sediments  

Results are easier to visualize  

Tail end ignored and more 

weight placed at centre of 

grainsize curve 

95% and 5% are the upper and 

lower limit of calculation  

Insensitive to sediments large 

particle size in the tail end of 

distribution 
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Table 2. 5 Showing the methods used by Gradistat and listing some of the pros and cons  

In the past, calculation of grainsize statistics was very laborious but with the advent new 

technology, it has become a lot less stressful and faster. An effective computer program is 

GRADISTAT which uses imported data for almost any standard technique and produces simple 

statistical data such as Mean, Mode, median, Kurtosis, skewness etc. (both in tabular and 

graphical form) (Blott and Pye, 2001).  

 One major advantage of Gradistat is that it provides results in different units and using a couple 

of methods Table 2.5. For moment method the results are present arithmetic, geologic and 

logarithmic format whereas for Folks and Ward methods, the output is geometric or logarithmic 

(Blott and Pye, 2001). The data mostly used in the discussion is the Folks and Ward logarithmic 

(phi) so that the data can easily be compared with data from literature. For some tables the Folks 

and ward geometric (um) is included so some otherwise difficult to assimilate results are 

interpreted with ease. 

Logarithmic Lognormal  Phi  No outliers as equal emphasis 

fine particles and coarse 

sediments   

Easier to convert to descriptive 

terms 

Quicker to calculate  

Conventionally used by most 

sedimentologists 

Facilitate graphical presentation 

and statistical manipulation of 

grainsize frequency data 

 Describes more accurately the 

general characteristics of the 

bulk sediment  

Offers the most robust bases for 

regular comparison for 

compositionally variable 

sediments  

Tail end ignored and more 

weight placed at centre of 

grainsize curve 

95% and 5% are the upper and 

lower limit of calculation  

Insensitive to sediments large 

particle size in the tail end of 

distribution 

Not used amongst engineers, 

biologist, archaeologist, soil 

scientist  
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A large number of deposits were compared by means of grainsize data graphs, charts and trends in order to 

establish parameter for characterizing each facies. Establish transport mechanism, depositional 

environment and the energy responsible for the deposition. Some of the sediments discussed in this work 

have been described by Rachel Elizabeth Brackenridge (2014) but the salient features and characteristics 

will analysed be summarized here: 

Data Plotting (SINGLE PLOT, BIVARIATE PLOT and CMPLOTS) 

These trends are known or are essential in providing interesting geologic information that is not instantly 

evident on a single plot. The Gradistat software computes statistical parameter derived from both published 

papers and plots them as single graphs. Many statistical parameters were available for this study; however, 

in order to further discriminate between different facies within each drilling site, bivariate plots of combined 

grain-size statistical parameters were constructed. A cross plot of two parameters, most often indicate that 

significant trend(s) may exist. Statistical analysis of the data is based on a series of grain-size parameters 

computed using the Folk and wards logarithmic method. Single graphs for each of the statistical measures 

gave a general insight trend or lack of for the sample suit for each location. Obviously, many statistical 

parameters were available for this study and as such, it was superfluous to include them in this paper. Albeit, 

only a summary will be displayed.  

It has become inadequate to depict the depositional environments related processes based on a single 

grainsize distribution. In an attempt to further discriminate between the sample points from each site into 

different depositional systems and identify accurately their sedimentary process a comparison relationship 

between two or more grain-size statistical parameter had to be established. This was done by constructing 

bivariate plots of combined grain-size statistical parameters.  Both the units with obscure depositional 

original and known origins are initially plotted. The entire turbidite sample units from different location are 

plotted for instant scatter plots such as skewness vs sorting, Mean vs sorting and skewness vs kurtosis plots. 

Notes are taken of any trends or lack of it.  

Compilation of the data for the Cm plot was only possible for all the sample suits for which cumulative 

frequency curve (s) was available. That means all the samples computed on gradistat or sample point were 

originally presented as cumulative curves. Cm plots were therefore not computed for the published 

tabulated data set. Each of the size fraction the cumulative frequency curve was generated mainly using 

Gradistat. Then the value of the coarsest one percentile (C) and the median in microns (M) (Passega, 1957) 

were tabulated and plotted in excel. These were later extrapolated onto the original Cm Plot by (Passega, 
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1957). To further discriminate between the sample points from each drill sites from different depositional 

systems, bivariate plots of combined grainsize statistical parameters were constructed. Both the units with 

obscure depositional origin and known origins are initial plotted. The entire turbidite sample units from 

different location are plotted for instance scatter plots such as skewness vs sorting, Mean vs sorting and 

skewness vs kurtosis plots. Notes are taking of any trends or lack of it. These are compared with outcomes 

from other locations. Given the sheer volume of the statistical data available for this study, presenting the 

bivariate plots for each of these parameters with respect to the each other available was superfluous. 

Consequently, only the summary ones are displayed in the figures and the rest can be seen in the thesis 

appendix if required. To further discriminating between units and subunits within each drill site, bivariate 

plots are constructed based on the mean grainsize (i.e. a ‘tri-plot is created’). 

The accurate grainsize interpretations is only possible where the site of grain size characteristics can only 

be associated with a particular environment if and or where the tectonic conditions has been considered and 

linked to such environment. Thus, a detailed knowledge of the tectonic activity in an area is crucial for 

describing and typifying the sedimentary facies based on grainsize parameters accurately.  
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CHAPTER 3: GEOLOGICAL AND OCEANOGRAPHIC SETTING 
This chapter presents an outline of the geological and oceanographic background to the study area – the 

Gulf of Cadiz, with particular focus on the northern Gulf of Cadiz. This is based on previous work and is 

sourced from the open literature, as well as from discussions with other members of the IODP 339 shipboard 

and shore-based scientific party. 

It is organised as follows: 

• Gulf of Cadiz: General Geological Setting 

• Tectono-stratigraphic evolution 

• Gateway Development 

• Physiography 

• Oceanographic Setting 

• Seismic Stratigraphic Framework 

3.1 Gulf of Cadiz: General Geological Setting 

The entire Azores-Gibraltar zone is the present-day boundary between the Eurasian and African plates and 

can be subdivided into two morphotectonic domains. (1) The Gulf of Cadiz (GOC), between Cape San 

Vicente and the Straits of Gibraltar; and (2) The region between Cape San Vicente and Gorringe Bank 

(Tortella et al., 1997); (Gracia et al., 2003) (Fig. 3.1). Although the exact location of the African plate and 

Iberian plate boundary is still in doubt, it is commonly referred to as a diffuse plate boundary, part of which 

lies beneath the GOC region (Fig. 3.2). The GOC is bound to the north by the Iberian margin, to the east 

by the Straits of Gibraltar Gateway region, to the south by the Moroccan margin and to the west by the 

Atlantic Ocean (Fig. 1). 

The northern part of the GOC is affected by both strike-slip and compressive fault activity and is a region 

of much seismicity. The southern area is very irregular topography consisting of sea mounts, deep abyssal 

plain, massive rises like the Gorringe Bank. The GOC region expresses a distinct positive free air gravity 

anomaly (Gracia et al., 2003), which is commonly referred to as the Gulf of Cadiz Gravity High (GCGH). 

The GCGH is attributed to the basement that outcrops in the middle part of the gulf, deepens progressively 

toward the outer part, and is defined by a large NW-SE normal fault and NE-SW conjugate normal fault 

(Gracia et al., 2003). Plate convergence occurring in the Gorringe Bank area is thought to  
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Fig 3. 1 3D bathymetric map of the Gulf of Cádiz (realized J.T. Vázquez [IEO] from satellite data from Smith and Sandwell, 1997). TC = Tagus Canyon GB = Guadalquivir Bank, CC = 
Cascais Canyon, NC = Nazaré Canyon, St. VC = São Vicente Canyon, PC = Portimao Canyon, SC = Setúbal Canyon. BLM = Beira litoral margin, AlM = Algarve margin; GM = 
Guadalquivir margin, LM = Lisbon margin, BM = Betic domain margin, SM = Sudiberic margin. Colours from red (shallow water) to blue (deepwater) 
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have resulted from ocean-continent collision as the Atlantic Plate moved towards the Straits of Gibraltar 

(Hayward et al., 1999) and was subducted beneath the Gulf of Cadiz continental crust (González et al., 

1998). 

Other studies have charaterised the Gulf of Cadiz region slightly differently, using different attributes. For 

example, Rodero et al., (1999b) highlights three concentric geologic regions west of the Straits of Gibraltar. 

These include: (a) an inner region, which is characterised by the Campo de Gibraltar flysch that outcrops 

extensively onshore; (b) a middle region or transition zone, characterised by blocks of fractured acoustic 

basement draped by irregular basin-fill deposits Lobo (Lobo et al., 1996); and (c) an outer region, 

comprising a thin to Cenozoic-Recent sedimentary succession (Fig. 3.1). Various studies of gravity and 

seismic data show that the crust and lithosphere thin towards the centre of the GOC (González et al., 1996, 

González et al., 1998); (Gutscher et al., 2002b); (Gracia et al., 2003); (Maldonado et al., 1999) and the 

bathymetry tends to deepen progressively from east to west (Zeyen et al., 2005). Other authors describe the 

GOC with respect to the type of sedimentary facies observed. Recent deposits in the NW area comprise 

prodeltaic sediment bodies as a result of major river input in the GOC (e.g. from the Guadalquivir river) 

(Andrés and Nelson, 1999), whereas the SE area is characterised by the presence of basement outcrops and 

dunes (Lobo et al., 1996). Although the precise boundary between oceanic and continental crust is still 

debatable, most authors reckon that the boundary lies somewhere to west of GOC. Assuming this 

interpretation is accurate it would explain the major structural complexity of this basin in the western part. 

The GOC comprises a series of basin regions, including the Algarve Basin, Cadiz Basin, Donana Basin and 

Sanlucar Basin, and a series of tectonic highs, including the Guadalquivir Bank, the Albufeira High and the 

Sao Vicente High (Fig 3.1,3.3B). The central and eastern part of the GOC is underlain by the Accretionary 

Wedge Complex (formerly known as an olistostrome) (Fig 3.3A). The Guadalquivir Bank is in the middle 

of the study area between the Algarve Basin and the Accretionary Wedge Complex (Medialdea et al., 2004, 

Medialdea et al., 2009). It is a horst structure with a high gravity anomaly, which developed during the 

Mesozoic rifting phase (Gracia et al., 2003). The Gulf of Cadiz Accretionary Wedge Complex is a large 

complex tectonic feature that is believed to have formed by sediment stacking of gravitationally unstable 

sediments, and the later accretion onto a non-subducting tectonic plate after the Early to Mid-Miocene 

collision of the African and Iberian plates (Fig 3.3A) (Maldonado and Nelson, 1999); (Medialdea et al., 

2004).  
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Several attempts have been made to produce a comprehensive tectonic map of the Gulf of Cadiz (e.g. 

(Tortella et al., 1997); (Medialdea et al., 2004); (Iribarren et al., 2007); (Zitellini et al., 2009). More recently, 

Duarte et al. (2011) have thoroughly reviewed a multi-survey dataset (six MCS surveys) and analysed the 

recently compiled high-resolution bathymetry, which provided detailed morph tectonic of the entire study 

area. Their up-to-date map enabled evaluation of post Miocene tectonics and prediction the main tectonic 

driving mechanism. Their work further revealed the existence of three main tectonic systems, namely (1) 

the Gulf of Cadiz accretionary wedge system, (2) the dextral strike-slip fault system, and (3) the NE-SW 

striking thrust system. 

 

Fig 3. 2 Map showing the location of the Gulf of Cadiz (yellow rectangle) relative SW Iberia and northern Morocco and near the Africa 
(Nubia)-Eurasia plate boundary .Map also shows the focal mechanisms for subcrustal earthquakes. (Zitellini et al., 2009). 
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Fig 3. 3 a) Showing the main elements of plate boundaries and plate tectonics. b)Map showing the  structures of the Gulf of Cadiz and its 
surrounding areas related to the Iberian -African plate boundary (Red rectangle zoomed out in fig 3.4 )AGFZ: Azores- Gibraltar Fracture 
Zone, AUGC: Allochthonous Unit of the Gulf of Cadiz, AWGC: Allochthonous Wedge of the Gulf of Cadiz, CPR: Coral Patch Ridge, CPRT: Coral 
Patch Ridge Thrust, GuB: Guadalquivir Basin, GhB: Gharb Basin, GOC: Gulf of Cadiz, GT: Gorringe Thrust, HT: Horseshoe Thrust, MPT: 
Marquês de Pombal Thrust, SH: Seine Hills, SVT: São Vicente Thrust. Modified from (Ramos et al (2017) . 
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Maldonado et al. (1999) identified three main tectonic provinces of in the Gibraltar arc orogenic belt: (1) 

Flysch Unit of the Campo de Gibraltar complex, (2) the Betic external zone, and (3) the Neogene Basin. 

They also identified the geometry and tectonic processes that occur around the Iberia and Africa boundary, 

and demonstrate the influence of the westernmost Alpine orogenic belt on the GOC development. They 

further identified seven lithoseismic units between the Triassic and Oligocene time and a further seven 

between the Neogene to Quaternary. All of the seismic units are linked to specific tectonic phases, and 

Neogene sediments were characterized by their relationship to the emplaced Olistostrome and depositional 

sequence. Below is a table (3.1) which summarises these tectonic phases and their products. 

 

Fig 3. 4 Map showing the structural subdivisions of the  accretionary wedge complex  (Maestro et al., 2003) 

3.2 Tectonostratigraphic Evolution  

The tectonic evolution in the Gulf of Cadiz involves series of convergent, strike slip and extensional phases 

(Maldonado et al 1999), consequently it has a higher complexity than most other North Atlantic margins. 
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The tectonostratigraphic evolution is important because the Gulf of Cadiz (GOC) is located at a strategic 

position between western part of the Mediterranean Sea and the central NE Atlantic and across a plate 

boundary. The dynamic nature and complexity of the area through geological time has made its evolution 

partly attributed to tectonism, sea-level fluctuations and climate. In spite of the complexity of the area, there 

is substantial amount of data available from the Gulf of Cadiz. (Roberts, 1970); (Mougenot et al., 1979); 

(Martınez del Olmo et al., 1984); (Mougenot, 1988); (Flinch et al., 1996) and from more recent work in the 

South Iberian margin (Dewey, 1988); (Doblas and Oyarzun, 1989); (Platt and Vissers, 1989); (Maldonado 

et al., 1992); (Docherty and Banda, 1995); (Flinch et al., 1996); (Seber et al., 1996). Synthesis of this 

database allowed a general tectonostratigraphic evolution for the region to be proposed (Maldonado and 

Nelson, 1999), which is now generally accepted (Table 3.1). 

3.2.1 Triassic 

Plate kinematic study has revealed that the Gulf of Cadiz was part of the area with Tethys related rift system. 

This area first experienced rifting because of the breakup of Pangea. In the Triassic, the supercontinent 

Pangea underwent extension and rifting and began to split into two parts, Laurasia and Gondwana, along a 

rift zone between the Southern Iberian and North African margins (Heyman, 1989) (Fig 3.5A). 

3.2.2 Jurassic 

By the Jurassic, however, the westward propagation of the Tethys rift and E-W sea floor spreading of the 

Tethys Sea (Ziegler, 1989) and consequent development of the Azores-Gibraltar Fracture zone developed 

(AGFZ). The area evolved into the transcurrent margin, which served as a termination point for the then 

extending Mid-Atlantic Ridge (Dewey et al., 1989), (Srivastava et al., 1990a). In addition, there was further 

separation between Iberia and Africa. (Fig 3.5B) 

3.2.3 Late Jurassic to Early Cretaceous 

Continued active rifting of the North Atlantic resulted in separation of Iberia from North America and Iberia 

moved as an independent plate (Srivastava and Roest, 1999). There is evidence of extensional stresses (such 

as deformation and graben structures) in the synrift sediments in GOC (Maldonado et al., 1999). Post-rift 

carbonate deposits, slope facies and deep-sea turbidites filled the accommodation spaces created by half 

grabens (Maldonado et al., 1999). (Fig 3.5C) 

3.2.4 Late Cretaceous 

The further opening of the North Atlantic in the late Cretaceous and Tertiary times prompted the rotational 

divergence of the North America and Eurasia and simultaneously an anticlockwise convergence of the 
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African and Eurasian plates. The African plate temporarily attached to the Iberian plate with the resultant 

plate boundary in the Bay of Biscay (Srivastava and Roest, 1999). The Tethys spreading centres moved 

towards the North (AGFZ) causing progressive closure of the Tethys. There was evidence of 

lithospheric/crustal thinning and volcanic intrusion. (Fig 3.5D) 

3.2.5 Palaeocene to Mid-Eocene 

The African and Iberian Plates remained locked and moved together. This movement of the two plates as a 

unit was the only tectonic activity recorded within the GOC at this time. However, the movement caused a 

rotational extension and compression in the mid-Atlantic and Pyrenees respectively. The movement also 

caused the shifting of the Africa–Eurasia plate boundary from King’s Trough, to the Azores, the Biscay 

Rise and then to the North Spanish trough (Srivastava and Roest, 1999). (Fig 3.5E) 

3.2.6 Late Eocene 

The Iberian plate detached from the African Plate and became once more an independent plate, but with 

little movement between both plates. The plate boundary moved to and caused extension near AGFZ. Strike 

slip motion was simultaneously experienced along the Gloria Fault and compression east of the Gorringe 

Bank (Srivastava and Roest, 1999).  (Fig 3.5F) 

3.2.7 Oligocene 

This was a time of compression and mountain building in the Betic-Rif orogeny. There was fast westward 

propagation of the Betic-Rifean Alboran Domain. The Alpine-Mediterranean belt moved towards the Gulf 

of Cadiz and caused a parallel development of the western Mediterranean Basin (Dewey et al., 1989); 

(García-Dueñas et al., 1992); (Jabaloy et al., 1992); (Maldonado et al., 1992); (Hernández-Molina et al., 

2006a). Also recorded was an increased rate of shortening between the African and Iberian plates in the 

early Oligocene, which resulted in decrease or absence of deposits at that time. The opposite rate of 

sedimentation was the case for the late Oligocene times, which had a very complex depositional regime. 

Transpression and subduction of the Tethys under  the African plate resulted in overthrusting of the 

boundary between the plates and  the development of thick turbidites in the deep troughs and high energy 

carbonate platforms through the paleo- gateways (Betic and Rifean passages) (Balanyá, 1991); (Maldonado 

et al., 1999) (Fig 3.5G) 

3.2.8 Early to Mid-Miocene 

During this period, there was continued African and Eurasian convergence, causing progressive closure of 

the oceanic basins, lithospheric subduction and thermal subsidence (Dewey et al., 1989); (Jabaloy et al., 1992). 



 

 61 

Particularly important was the westward migration of the Gibraltar arc orogenic belt over subducting thin 

Tethys crust, which lead to the emplacement of an accretionary wedge complex in the GOC (Maldonado et 

al., 1999). (Fig 3.5H) 

3.2.9 Late Miocene 

Low eustatic sea level (Haq et al., 1987) together with uplift, intraplate stresses  and compression around 

the south Iberian margin resulted in the closure of the Rifean and Betic gateways. Gravity gliding and 

tectonic compression formed by extensional collapse in the Messinian lead to continued westward 

migration of the AWC (Hernández-Molina et al., 2006b); (Maldonado et al., 1999). This period was marked 

by a large input of terrigenous sediments (via major rivers) into the system, which led to base of slope 

turbidites, progradational shelf deposits and slope wedges (Martınez del Olmo et al., 1984); (Riaza and del 

Olmo, 1996); (del Olmo, 1996) (Fig 3.5). 

3.2.10 Pliocene 

Increase in tectonic subsidence rate and high sea-level rate lead to the opening of a new gateway known as 

the Gibraltar Gateway or Straits of Gibraltar, connecting the Mediterranean and the Atlantic Ocean. The 

Mediterranean Outflow into the Gulf Cadiz lead to rapid sedimentation and contourite drift formation. 

Instability of the Accretionary Wedge Complex, especially under the weight of the thick drift deposits, 

resulted in intense diapirism of the Mid-Miocene marl within the AWC. Triassic salt halokinesis also 

occurred in some areas. Large extensional intra-slope basins developed during this time (Fig 3.5) 

 
 

Tectonic Event  Related stresses  Structures Sediment 

Triassic  Breakup of Pangea 

(Detachment 

layer) 

Passive Margin  Evaporite 

complexes 

Siliciclastic, 

evaporates & shallow 

carbonates 

Early 

Jurassic  

Tethys Evolution  
  

Carbonate platform  

Late Jurassic  Active rifting 

/exposure of older 

Oceanic crust of 

Iberian margin  

Extensional  Half graben  Synrift Carbonate, 

slope facies, deepsea 

turbidites 
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Early 

Cretaceous  

North Atlantic 

rifting and Tethys 

spreading  

North America and 

Iberia separation  

Transpressional 

regime 

Half graben  

Deformed 

syn rift 

sediments  

Carbonate slope 

facies  

Late 

Cretatceous  

Africa attached to 

Eurasia 

 North Altlantic 

spreading  

Convergence Crustal 

thinning  

Volcanic intrusion  

 Post rift Mix 

Calcareous & 

terrigenous sediment  

Paleocene –

Early 

Eocene  

Iberian attached to 

Africa 

- Tectonically quiet 
 

Lithsospheric thining  

Thin depositional 

sequence  

 Mix Calcareous & 

terrigenous  

Late Eocene  Iberia became 

independent Plate  

Extension near AGFZ  

Strike slipe near 

Gloria and 

Compression near 

Gorringe ridge  

Increase 

graben 

developme

nt  

 

Early 

Oligocene  

Increase 

shortening 

between 

Compressional 

regime  

Uplifted 

fault blocks  

Little or No deposits  

Late 

Oligocene  

Iberian and 

African Plate   

West movement of 

Alboran dormain 

Subduction  Deep 

troughs  

Thick Carbonate unit 

and terrigenous 

turbidite deposits  
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Early to Mid 

Miocene  

 Begin of Alboran 

sea extension  

Gibraltar Arc 

Migration 

Forearc Convergence 

and lithosphere 

subduction 

Accretiona

ry wedge, 

thrust 

faults, for 

deep 

Basins 

Uplift of 

Qualdalqui

vir bank   

Terrigenous  

Olistostrome 

emplacement  

Late 

Miocene 

Convergence 

African-Europe 

Extensional 

collapse  

Intense instability  

Uplift, closure of 

Betic and Rif 

passages  

Passive Margin 

Oblique convergence  

Continued 

AWC 

migration  

Reactivatio

n of old rift 

fault 

Start of 

Diapirism  

Large supply of 

terrigenous sediment  

Pliocene Increased tectonic 

subsidence  

N-S oriented stress 

field  

Opening of new 

Gateway (Straits of 

Gibraltar) 

Transtensional regime  Pullapart 

NE-SW  

Basins  

Diapirism  

Turbidite /Contouirte 

drifts deposition  

Quaternary  Slow obique 

converegence 2-

4mm/yrs. 

Decrease in rate of 

subsidence  

Small 

faults 

mainly 

above 

diapirs 

Mainly contourite and 

hemipelagites  

Table 3. 1 Summary table of Gulf of Cadiz tectonic evolution. 
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Fig 3. 5 Showing tectonostratigraphic evolution of the Gulf of Cadiz A) Triassic B) Jurassic C) Early Cretaceous D) Late Pliocene E ) Paleocene  F) Eocene G) Oligocene  H) Miocene  
(Blakey, 2011) 
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3.2.11 Quaternary 

From late Pliocene, there was a rapid decrease in the subsidence rate and throughout the Quaternary; 

the basins experienced much lower rates of subsidence. Similarly, during the Quaternary, the area has 

experience steady but relatively slow rate of convergence of approximately 2mm-4mm/yrs. The 

present day morphostructure includes:  

1. The accretionary wedge. 

2. N-S to NE-SW faults (Portimão Canyon)  

3. WNW-ESE to E-W faults (Portimão Bank) 

4. WNW-ESE strike-slip faults (SWIM lineaments). 

 

 
Fig 3. 6 The map of Gulf of Cadiz showing the topographic features, bathymetry and major faults. (Gutscher et al., 2006) 
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3.3. Atlantic -Mediterranean Gateways  

Largely tectonics controls the opening and closing of the gateways that connect oceanic basins and 

oceans and seas. The presence or absence of such a gateway affects the flow of the water mass, the 

oceanographic pattern and sedimentation through geologic time.  

The GOC is one region that has experienced the effect of interchangeable water masses because of 

complex Atlantic-Mediterranean interconnections during the opening and closing of a series of 

gateways through the Miocene and Pliocene. Thus, comprehensive understanding of the evolution of 

the gateways is vital for comprehension of the entire morphology, velocity or energy of the depositing 

currents, sediment facies types and distribution in the area. The main gateways are: (1) Betic Corridor, 

(2) the Rifean Corridor, and (3) the Gibraltar Gateway. 

3.3.1 Betic Corridor 

The Betic corridor consists of an association of four basin-like passages linked together and connect 

the Mediterranean to the Atlantic in the Late Miocene. They include Guadalhorce Basin, Granada 

Basin, Guadix Basin, and the North Betic Strait (Basin). Each basin’s succession contains coarse to 

conglomerate size deposits, which indicates the high energy environment in the Betic corridor (Martín 

et al., 2014). Also, there are some evaporite sediments that appear to be pre-Messinian salinity crisis, 

these evaporites suggests that the Betic corridor served as passage between the Atlantic and 

Mediterranean before the MSC (Capella et al., 2017). 

Guadalhorce Basin is the westernmost basin in the Betic corridor (Fig 3.7). The successions derived 

from within this basin consists of mostly siliciclastic sediments with unidirectional cross bedding 

(that are longer than 100m with thickness between 10-20m). These dimensions suggest that the 

Guadalhorce basin must have had a depth of 60-120m and experienced high velocity (1.0-1.5 ms-1) 

unidirectional currents (Martín et al., 2001). Forams recovered toward the bottom of an outcrop 

indicated an early Messinian age (Martín et al., 2001). 

Granada Basin is the passage that links Guadalquivir basin to the Mediterranean Sea (Martín et al., 

2001). Restriction as a result of uplift of Sierra Nevada caused the basin to be restricted prompting 

deposition of evaporites (Martin et al., 1984), (Braga et al., 1990). Recent work by (Corbí et al., 2012) 

using  biostratigraphy has given precise dates for the evaporites to be 7.37-7.24 Ma, which confirms 

that the Granada Basin connection pre-dated the Messinian. 
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Gaudix Basin was a wide basin (approximately 12-15km wide that later became a narrow strait which 

opened in the late Tortonian (Soria et al., 1999); (Betzler et al., 2006); (Hüsing et al., 2010). 

Availability of coarse sediment in the sides and marl in the centre of parts of the succession suggests 

that, while with wide straits two-way flow between the Atlantic and the Mediterranean was supported, 

the presence of conglomerates, bioclasts with high-energy cross-beds suggest a single way flow of 

bottom current through the passage at different periods (Betzler et al., 2006). There is no consensus 

regarding the time at which the Guadix basin closed. Betzler et al (2006) suggested it closed at 7.8Ma 

whereas, (Hüsing et al., 2010) disagreed stating that there was a major unconformity at about 7.85Ma 

and continental deposits aged 5.5Ma. The unconformity implies that there is no record of the closure 

time which makes it impossible to rule out the activeness of Guadix basin during the MSC (Capella 

et al., 2017). 

The North Betic strait lies to the north of the Betic corridor (Fig 3.7A). It links the Guadalquivir basin 

to the Mediterranean via the Lorca and Fortuna basins (Martín et al., 2009). Recent intensive studies 

revealed the change of sediments from marl to evaporites and diatoms at 7.8Ma before the deposition 

of continental deposits at 7.6Ma. Of all the basins, the North Betic Strait is thought to be the one that 

has served as the main connection between the Atlantic Ocean and the Mediterranean sea (Benson et 

al., 1991). This record indicates that the North Betic straight was not a conduit for ocean water to the 

Mediterranean during the Messinian salinity crisis as it closed prior to this time. However, it is 

believed that its closure resulted in desiccation of the Mediterranean and formation of Messinian 

evaporites. 

3.3.2 Rifean Corridor  

Of the three gateways mentioned, the Rifean corridor provides the most useful clues about the 

Messinian sedimentary activity (especially the MSC) and Atlantic-Mediterranean water exchange. It 

is the most studied gateway.  

The Rifean corridor has a Tortonian and Messinian marine sediment fill in a series of interconnected 

basins. Some are located in the northern part (together referred to as intramontane basins) of the 

Rifean corridor, while other interconnected basins (Nador, Taza – Guericif – Rabat) are clearly 

aligned to the south of the corridor (Capella et al., 2017), (Fig 3.7B). The northern basin and southern 

basin networks merge towards the east and form an embayment that links the corridor to the Atlantic. 

The western side of the corridor however has a thrust nappe pipe (which is overlain by Miocene 
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marine sediments) in between the northern and southern basin networks and thus each network 

connects individually to the Mediterranean Sea (Feinberg, 1986); (Flinch, 1994); (Chalouan et al., 

2008). 

 It has been suggested that there are areas where the Rifean corridor was a single wide passage in the 

past but uplift and erosion led to bifurcation in the area, and the complex network of basins and 

sediments strands that is currently present (Wernli, 1988). 

The opening of the Rifean corridor started following the westward movement of the Alboran 

microplate and its subsequent collision with the African Plate (Decourt et al., 1986). Basically, the 

Rifean corridor is the remaining part of a fore-deep basin formed by Rif mountain formation and 

southward shifting of the orogenic chains (Boccaletti et al., 1990).   

The distinct basins along the Northern corridor are thought to have started from sedimentation in the 

late Miocene (Tortonian–Messinian) and initially experienced marine conditions. The marine 

sediments recorded from the late Miocene include conglomerates and sandy marls followed by marls 

and sands which are overlain by an erosional surface and Quaternary deposits (Wernli, 1988). 

Southward propagation of thrust load plus regional uplift is responsible for the southern Rifean 

corridor (Duggen et al., 2004). The oldest marine sediments in this basin onlap over Jurassic 

substratum or Miocene fluvial conglomerates and have an approximate age of 8Ma. Also the  

sedimentation pattern in southern Rifean corridor is consistent with pre-MSC (Benammi et al., 1996); 

(Agustí et al., 2006); (Gibert et al., 2013). The opening of the Rifean corridor can be pinned at 8Ma. 

This ages ties with a period of major tectonic deformation associated with the Rifean Orogeny 

(Krijgsman et al., 1999b). 

Basically, the closure of the Rifean corridor which occurred in stages was caused by complex tectonic 

and glacio-eustatic activities (Benson et al., 1991); (Hodell et al., 1989, Hodell et al., 1994). First, 

there was flow restriction, which started around 7.2Ma. The Taza-Guercif Basin was only connected 

with the Mediterranean Sea and not the Atlantic Ocean, and the final age of closure is not completely 

certain because of the presence of large-scale submarine olistolith in the Fez-taz area, which covered 

the youngest marine sediment. However, scientists have constrained timing to a small range (6.7-

6.0Ma) around which the entire Rifean corridor closed completely (Ivanovic et al., 2013a); 

(Krijgsman et al., 1999b); (Krijgsman and Langereis, 2000). 
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3.3.3 Gibraltar Gateway 

The Gibraltar Gateway (Straits of Gibraltar) is a long (~58km) E-W gateway that currently connects 

the Atlantic Ocean to the Mediterranean Sea. Geomorphological studies have shown that the strait is 

asymmetric.  The eastern part of the strait is deep and narrow with a width of about 13km (Loget and 

Van Den Driessche, 2006). The western part on the other hand gets as wide as 43km and has 

submarine hill, flat banks and ditches that cause the bottom to have an irregular morphology. 

According to Esteras et al (2000) this irregular morphology may have been caused by large gravity 

slides (with unknown ages) from the Moroccan and Iberian Margin.  

The opening of this gateway is thought to have occurred about 5.3Ma (that is around the Miocene 

Pliocene boundary), although since the clastics at the bottom of the canyon have not been dated, there 

is a possibility that the opening occurred slightly earlier (Esteras et al., 2000). The exact cause of the 

opening is still a subject of controversy and several hypotheses are being proposed. Some authors 

believe the opening is tectonic-related, whereas others believe that it is sea-level driven. The presence 

of normal faults, strike-slip faults and pull-apart basins lend support for the former hypothesis 

(Giermann, 1961); (Didon et al., 1973); (Campillo et al., 1992). The Straits of Gibraltar (SOG) region 

is in a well-known tectonically-active region, thus an opening triggered by the extension and collapse 

of a narrow  crestal graben on the top of an anticline seems very likely (Morel, 1987); (Hodell et al., 

2001); (Hsü et al., 1973); (Maldonado and Nelson, 1999).  

However, other authors have an alternative interpretation upon analysing the morphology of the SOG. 

They suggested that the opening of SOG was related to sea level drop associated with MSC (Hsü et 

al., 1973); (Clauzon et al., 1996). They proposed that tectonic activity induced a drop in sea level in 

the early Pliocene which resulted in the incision of rivers, and continuous regressive fluvial erosion 

leading to development of a deep canyon (Blanc, 2002); (Chalouan et al., 1997); (Mulder and Parry, 

1977). Numerous erosional channels mapped in the straits of Gibraltar, Betic and Rif region back up 

this hypothesis. 

3.3.4 Summary of the Atlantic and Mediterranean Gateways  

In the early Tortonian, the narrow Northern Betic strait that is surrounded by high relief existed in the 

pre-Betic era while in the south western Betic corridor there were less restricted wider basins such as 

the Granada Basin.  In the late Tortonian, the main link between the Atlantic Ocean and the 

Mediterranean sea was via the Rifean corridor (Krijgsman et al., 1999) and the Grenada and Guadix  
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Fig 3. 7 Map showing the evolution of the different gateways between the Mediterranean Sea and the Atlantic  Ocean  (Capella et 
al., 2017). 
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Basins of the Betic Corridor (Betzler et al., 2006); (Esteban et al., 1996) and (Braga et al., 2003). By 

earliest Messinian, the connection was only through the western most Betic basin (Guadalhorce) and 

the Rifean corridor (Martín et al., 2001), but not too long after (still in the early Messinian), the 

Guadalhorce basin closed and just the Rifean corridor remained as an open if restricted passage 

(Esteban et al., 1996). The Betic and Rifean gateways progressive closure occurred in response to 

tectonic uplift in both areas, but both corridors completely closed during the Miocene (Martín et al., 

2001); (Duggen, 2003); (Benson et al., 1991) and (Krijgsman et al., 1999b) and prompted the 

Messinian Salinity Crisis (Hsü et al., 1973). 

Post- Messinian salinity crisis, the Gibraltar Gateway opened  and has remained the only passage  for 

interchanging of Atlantic and Mediterranean water masses to date (Comas et al., 1999) and (Esteban 

et al., 1996). The evolution of these various gateways is most likely closely related to tectonic and 

orogenic activity in the region. Regional sea level will have been strongly affected, but eustatic sea-

level control is likely to have been less significant. 

3.4 Physiography  
The Gulf of Cadiz (GOC) is large concave embayment that lies to east of the North Atlantic and west 

of the Straits of Gibraltar (Fig 3.1). The water depth ranges from 120-140m at the shelf edge to about 

4500m in the southwestern abyssal plains. The study area can be divided into eastern and western 

sectors based on physiography. In the western sector, the Algarve margin is steeper and narrower than 

in the Spanish margin of the eastern sector. Also, the former is dissected by numerous channels, 

canyons and gullies, and more amply fed by rivers (e.g. Portimoa and Odiel rivers) (Roque et al., 

2012), whereas the latter is generally irregular and with a wider continental shelf.  

The general tectonic regime, that is the spatial and temporal variations in uplift and subsidence due 

to plate tectonic interaction, is one the most important factors responsible for the varied and complex 

physiography (Lopes et al., 2006); (Zitellini et al., 2009). Indeed, the effect of plate tectonics on the 

topography, architecture, sedimentation and stratigraphic evolution of the margin is very evident and 

cannot be over-emphasised.  
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3.4.1 The Shelf 

In the Gulf of Cadiz, the shelf slopes very gently to around 120-140m water depth.  The bathymetry 

of the shelf is irregular but shows relatively fewer fluctuations in gradient than the slope (i.e. relatively 

smooth). The Spanish side, however, has a gentler gradient (0.3 degrees) than the Portuguese side 

(with ~ 0.5 degrees). Additionally, the width in the Spanish shelf averages around 30 km whereas the 

Portuguese shelf averages around 17 km in width. Closest to the Gibraltar Gateway, the width of the 

shelf is smallest (<10km). Apart from due south of San Vicente were the shelf break is relatively 

abrupt, the shelf margin elsewhere exhibits a progradational shelf break. 

The shelf has been divided into four provinces, namely the inner shelf, the mid-shelf, the south-eastern 

shelf and the outer shelf (Nelson et al., 1999). The inner shelf comprises mud-filled depressions, 

outcropping bedrock and paleo-valleys and bedforms (Lobo et al., 1996); (Gutiérrez-Mas et al., 

1996). The southern shelf is predominantly covered in bedforms, the middle shelf is relatively less 

complex and mainly covered by river-derived mud.  The outer shelf is arranged in three parts, one 

part with a slightly steep gradient, which then changes to a steep gradient and becomes gentle again 

as it approaches the shelf edge (Rodero et al., 1999); (Lobo et al., 1996); (Gutiérrez-Mas et al., 1996).  

3.4.2 The Slope 

The topography of the Cadiz continental slope is relatively irregular. Based on the gradient and 

morphological variation, it can be subdivided into three domains: the upper, middle and lower slope 

(table 2.2) (Heezen and Johnson, 1969); (Maldonado and Nelson, 1999); (Hernández-Molina and 

Lobo, 2005). The upper slope occurs from 120–140 to 500 m water depth (Fig 3.8). The middle slope 

occurs at depths of about 500–1200 m, with a maximum width of 100 km and low gradients of 0.5–

1°. The lower slope is 50–200 km wide and connects with the abyssal plains at 4300–4800 m water 

depth. (Hernández-Molina et al., 2016). Nelson et al., (1999) did a more detailed slope 

characterization by splitting the middle slope into four domains: (a) a narrow steeper upper slope, (b) 

a wide terraced middle slope, (c) a central middle slope (which is dissected by ridges and valleys), 

and (d) a smooth steeper lower slope. 
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Parts of Slope  Gradient (degrees) Depth (m)  Width (km) 

Upper Slope  1-3o     130-400 20 

Middle Slope  0.5-1 o   400-800 40 

Lower Slope  2-4 o   800-4000 50 -200 
 

Table 3. 2 Summary of the dimension and slope characteristic of the Gulf of Cadiz lower, middle and upper slope  

Five classes of morphological elements can be observed across the whole slope, including: (1) 

depositional elements, which include a range of slope deposits with different configurations; (2) 

erosive elements, which include erosive surfaces and channel elements; (3) neotectonics elements, 

such as diapirs and faults; (4) gravitational elements, such as slumps, debrites and slides; and  (5) all 

other features visible on the upper slope such as pockmarks, gas-escape features etc.) (Maldonado et 

al., 2003); (Rodero et al., 1999); (Baraza et al., 1999).  

These morphological elements are differently distributed across five morphosedimentary sectors as 

follows: (1) Proximal scour and ribbon sector, (2) Overflow and sedimentary lobe sector, (3) Channel 

and ridge sector, (4) Contourite deposition sector, and (5) Submarine canyons sector (Hernandez-

Molina et al., 2003) (Fig 3.6). Basement outcrops, such as Guadalquivir bank and diapiric ridges 

(Donana, Cadiz, Guadalquivir ridges) have strongly influenced the physiography of the middle slope 

(Fernández-Puga, 2004); (Medialdea et al., 2004); (Hernández-Molina et al., 2006b); (Fernández-

Puga et al., 2007). 

In the Pliocene–Quaternary, a contourite depositional system was developed in the middle slope 

(Hernández-Molina et al., 2003, Hernández-Molina et al., 2006b, Hernández-Molina et al., 2008); 

(Gonthier et al., 1984); (Roque et al., 2012); (Mulder et al., 2003); Nelson (Nelson et al., 1999); 

(Llave, 2007); (Alves et al., 2003); (Marchès et al., 2007). This extends across all five sectors, but 

with different characters in each part. 

The lower slope has convex shape, which is relatively irregular in large part due to the presence of 

the underlying accretionary wedge complex. The presence of a large tectonic scarp created an abrupt 

change in gradient transitions from lower to abyssal plain around the horseshoe abyssal plain (4800m 

water depth). Vazquez et al 2004, (Hernández-Molina et al., 2006b). The area round the Seine abyssal 

plain at (4300-4400m water depth) also experiences a similar sharp change in grad
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Fig 3. 8 Composite map showing Gulf of Cadiz contourite depositional system (Hernández-Molina et al., 2003) showing the physiography and the five depositional sectors
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3.4.3 The Abyssal Plain 

The abyssal plain extends below a water depth of 4300m. The abyssal plain is separated in different 

parts by ENE trending seamounts (Mélières, 1974). For example, the Ampere and Coral Seamounts 

separate the Horseshoe Abyssal Plain from the Seine Abyssal Plain. Furthermore, the Gorringe Bank 

separates the Tagus Abyssal Plain from the Horseshoe Abyssal Plain (Weaver et al., 2000) and 

(Mélières, 1974). 

3.5 Oceanographic Setting  
Tectonic and climate drives the Mediterranean and Atlantic Ocean water exchange. Varying water 

mass tracing methods (contourites, Pb, Nd, Sr, and others) have been used to provide information on 

the timing of closure and opening of oceanic gateways and their effect on the strength and products 

of oceanic circulation. Regional uplift and the consequent vertical lithospheric adjustments caused 

the formation and the closure of the three major gateways, as discussed above (Capella et al., 2017). 

The present circulation in the Gulf of Cadiz is controlled mainly by an exchange between the 

Mediterranean Sea and Atlantic Ocean. Although there is no direct evidence, most studies agree that 

this exchange began after the Pliocene Zanclean flood (Iaccarino et al., 1999) re-filled the 

Mediterranean basin following the Messinian Salinity Crisis.  

Relatively warm (13 degrees Celsius), saline (38gI-1) and dense Mediterranean outflow water exits 

through the Gibraltar Gateway and sinks to a depth between 300m (proximally) and 1400m (distally). 

It is deflected to the NW direction by Coriolis Force (Ambar and Howe, 1979); (Mulder et al., 2003); 

(Thorpe, 1972). Relatively arid conditions in the Mediterranean basin are responsible for an excess 

of evaporation over river inflow, and hence the formation of highly saline, dense water that sinks to 

the bottom of the basin. The principal source regions for generation of Mediterranean deepwater are 

the western Mediterranean deep water and Levantine Sea intermediate water (Ambar and Howe, 

1979). This water traverses the Mediterranean basin passes through the Sicily gateway and reaches 

the westernmost part of the Mediterranean. Here it flows up and over the Gibraltar sill and spills into 

the Atlantic Ocean as the Mediterranean Outflow Water (MOW) mass. It flows below the less dense, 

less saline inflow of Atlantic Water (AIW) (Ambar and Howe, 1979); (Ochoa and Bray, 1991). 

Through the narrowest part of the Gibraltar Gateway, the speed of MOW reaches a maximum of 

around 3m/s), but this soon decreases to between 80-100 cm/s as it exits the gateway region. As it 

deviates towards the NW direction (Fig 3.8, 3.9), the MOW divides into two distinct water masses – 
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the Mediterranean Upper water (MUW) and Mediterranean Lower Water (MLW). Both MUW and 

MLW move in a northwest direction due to Coriolis force, with a total outflow of around 0.67- 

0.28Sv (Toucanne et al., 2007); (Borenäs et al., 2002); (Hernández-Molina et al., 2016); (Serra et 

al., 2010); (Rogerson et al., 2012); (Nelson et al., 1999).   

 

 

Fig 3. 9 Map showing the direction of bottom current in the Gulf of Cadiz due to effect of corollis force. 

The sweeping flow continued in the same direction but is subsequently disrupted, split and redirected 

by diapiric ridges and adjacent depressions across the middle slope. The lateral variation of the 

seafloor slope is thought to make the MLW (in particular) split into different branches (Borenäs et 
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al., 2002); (Serra et al., 2010). The division and channelization of the MOW and roughness of seafloor 

around the  middle  slope  causes the flow velocity to reduce  to  40-75cm/s  and the flow loses contact 

with seafloor at about 1400-1500 m water depth (Stow, 2002d); (Rebesco and Camerlenghi, 2008), 

(Fig 3.9, 3.10). 

The MOW beneath the Atlantic inflow water but above the Atlantic deep water creates an exchange 

of waters known as the Atlantic Mediterranean Water (AMW) (Rogerson et al., 2012).  The formation 

of AMW with the aid of density driven decent, movement and mixing as water flows westward cause 

the increase in density and salinity of AW (Atlantic Water) whereas the MOW becomes speedily 

diluted (Baringer and Price, 1997); (Dietrich et al., 2008) have also shown that the temperature of the 

North Atlantic surface water is increased by at least 1 degree and the Atlantic Meridional Overturning 

circulation is enhanced by approximately 15% due to the input of MOW (Rogerson et al., 2012).   

3.6 Stratigraphic Framework 

Over the years, several authors have correlated stratigraphic features from offshore GOC deposits 

with onshore outcrops and sampled data in order to characterize vital stratigraphic horizons (Sierro 

et al., 1996); (Riaza and del Olmo, 1996); (Maldonado et al., 1999); (Llave et al., 2001, Llave, 2007, 

Llave et al., 2011); (Hernández-Molina et al., 2002, Hernández-Molina et al., 2006b, Hernández-

Molina et al., 2014); (Marchès et al., 2010); (Roque et al., 2012); (Brackenridge et al., 2013) and 

(Hernández-Molina et al., 2015). There have been some similarities as well as some differences in 

the thickness, nomenclature and position of the major discontinuities mapped so far. Varying research 

methods, inconsistent scales, different data processing techniques and poor data quality initially 

resulted in larger differences in stratigraphic picks and caused many controversies amongst 

researchers. These variations were more likely within the Pliocene and older succession, for which 

there was less and poorer quality data at the time of the first stages of seismic stratigraphic analysis. 

In recent years, especially after the IODP expedition 339, better quality data and their correlation with 

IODP339 drill sites have provided more uniform boundaries within both the Quaternary and Pliocene.  

However, it should be noted the boundaries presented in Figure 3.11 are not always easy to correlate 

with certainty because of (a) differences in the thicknesses of stratigraphic units across the GOC area; 

(b) the effects of banks and extrusive diapirs; and (c) distinctly separate depocentres that are present 

in the GOC.  
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(Maldonado et al., 1999) identified the bounding discontinuities and two main seismic units within 

the Pliocene (P1 and P2) and one Pliocene to Quaternary unit, PQ. (Llave et al., 2001) studied the 

Albufeira mounded drift in which they identified two main depositional sequences Q-I and Q-II. In 

between both sequences are a very important discontinuity, which they mapped and referred to as the 

(MPR), a highly reflective, regionally extensive discontinuity that creates a clear distinction between 

a more aggradational and more progradational character of the deposition. QI is bounded to the top 

and base by and MPR discontinuity and QD (an erosional surface) respectively. Mapped at 

approximately 2 seconds TWT, another erosional discontinuity that corresponds with the base of the 

drift is called the Quaternary Discontinuity (QD) (Fig 3.11). Medialdea et al (2003) identified 5 major 

stratigraphic units above the basement.  

More recently, F. Hernández-Molina et al. (2015) updated some previously mapped discontinuities 

and assigned some new ages to the stratigraphic units. Their  new  sequences, units and subunits were 

developed using a combination of information from Quaternary chronostratigraphy by the 

International Commission on Stratigraphy (Mascarelli, 2009) and previous stratigraphic results 

(Maldonado et al., 1999); (Llave et al., 2001, Llave, 2007, Llave et al., 2011); (Hernández-Molina et 

al., 2002, Hernández-Molina et al., 2006b, Hernández-Molina et al., 2014); (Marchès et al., 2010); 

(Roque et al., 2012); (Brackenridge et al., 2013). 

3.6.1 Seismic Stratigraphic Units  

Maldonado et al (1999) describe two major sedimentary sequences within the GOC succession, each 

of which contains a series of smaller units. The two major sequences are: (a) Mesozoic and lower 

Cenozoic, and (b) Neogene and Quaternary. Although the older sequence is not considered further in 

this thesis, it is presented briefly below to provide the complete stratigraphic context.  

Mesozoic and Lower Cenozoic Units 

In some parts of the GOC the Mesozoic-lower Cenozoic sequence is absent and in others it is present 

but only slightly visible due to the presence of the thick accretionary wedge complex (Lajat et al., 

1975); (Delaplanche et al., 1982); (Martınez del Olmo et al., 1984).  In a more detailed work 

Maldonado et al 1999 subdivided the Mesozoic-lower Cenozoic sequence into 7 lithoseismic units, 

and the Neogene-Quaternary sequence also into 7 units.  

 

• Units TRI and TR2 (Triassic) are mainly composed of lower siliciclastic (red bed and 

volcanogenic rocks) and upper evaporites, respectively. TR1 shows a high acoustic 
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reflectance, which from sampling appears to be made up of red clay and volcanogenic rocks. 

TR2 on the other hand has a discontinuous chaotic and hyperbolic seismic character, which 

consists of a mixture of anhydrite, red clays and potassium salts and acts as a detachment 

layer.  

• Unit LJ (Lower–Middle Jurassic) displays a massive acoustic character lacking internal 

reflectors. Samples from LJ shows it contains a combination of dolomites and limestones.  

• Units UJ-LK1 (Upper Jurassic to Lower Cretaceous) is made up of deposits that are visibly 

affected by the underlying half graben structures. The reflectors on the footwall of the half 

graben show aggradation and those on hanging wall progradation, all within syn-rift 

deposition. The units are composed of mainly carbonate turbidite deposits (limestone with 

large number of algae and forams).  

• Unit LK2 (Mid Cretaceous) has lateral and spatially varying seismic reflector patterns. The 

base has high reflectors, the centre of the half graben has transparent aggradation reflectors 

and the footwall located further basinward shows a retrogradational stacking pattern. This 

unit is composed of silt, shale, grey clay, black clays, red grey clay, and conglomerates, with 

a different combination of facies encountered for each well drilled. 

• Units UK-UE (Upper Cretaceous–uppermost Eocene) onlap onto LK2, filling up the 

remaining space in the half graben, hence marking the final episode of the Late Cretaceous 

to early Tertiary extension phase. As with LK2, the sedimentary facies composition of this 

unit varies spatially. It is made up of green clay, limestones, marl, grey clay, etc.  

• Units UO-LM (Upper Oligocene–Lower Miocene) has progradation reflectors which 

downlap basinward and onlap landward onto the underlying units. This unit has an erosional 

unconformity at its base marked by a very high amplitude reflector. The upper boundary is 

also a high amplitude reflector, which is a very extensive unconformity. Around the paleo-

slope the unit exhibits an aggradational–progradational stacking pattern, but around the shelf 

break a mounded morphology is observed.  The thickness of the of the deposits in this unit 

has a wide range (between 20m and 1933m) probably as a result of the tectonic deformation 

caused by the Cretaceous half graben structures.  Lithologies identified from well samples 

show glauconitic limestone, and grey to brown marls with algal fragments.  
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Neogene and Quaternary Units  

• Unit M1 (Langhian–Serravalian and lower Tortonian) has been referred to as the pre-

accretionary wedge unit. This unit deforms and forms a wedge-like mound near the 

accretionary wedge complex and also dips southwestward facing the base of the AWC. The 

sequence shows both progradational and aggradational pattern. The base of the unit is a very 

strong reflector and a major unconformity. The sequence is further subdivided into 3 subunits 

based on thickness and stacking pattern. 

• M2 (upper Tortonian) is referred to as the syn-olistostrome (or syn-AWC) unit. As the name 

suggests, most of the deposits within this unit were deposited simultaneously with 

emplacement of the AWC. The interbedding of the deposits with parts of the AWC support 

the nomenclature. The thickness of the unit decreases northward and away from the AWC. 

Also, some thrust faults deform the sequence. The sediments fill up the small depressions 

created by local unconformities. There are thrust faults within the sediments, because 

although most of the sediments form at the same time with the emplacement, there is also 

evidence of later backthrusting and overthrusting affecting the unit. Unit M2 consists of 

plastic grey clays with an abundance of glauconite and pyrite.  

• The AWC or Olistostrome unit is easily identified on seismic records as it has a chaotic, 

mixed-amplitude reflector pattern with diffraction and hyperbolic reflections. The front has 

several wedges, some of which inter-finger with unit M2, and within the body there are 

several low angled thrust faults. At its base is a high amplitude reflector. Over 

thrusting resulted in relief within the sequence and consequently angular unconformities 

within the depositional sequences. The kinematics following the over thrusting lead to the 

deposition of wedge-shaped deposits, and slope facies at the thrust fronts. Behind the 

olistostrome there are also evidence of extensional and backthrusting features. 

• Unit M3 (Messinian) fills irregularities that exist within the M2, which were not filled by the 

AWC. Where the AWC had already filled such depressions, the M3 is thinner since it just 

drapes over the AWC. This explains why the thickness of M3 is at its highest north of the 

AWC front. Unit M3 samples have clays and interbedded very fine-grained sand lenses 

(Delaplanche et al., 1982); (Riaza and del Olmo, 1996). In some areas these sands have been 

targeted as gas fields because they have reservoir quality sand and the clay serves as a seal. 
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Fig 3. 10 Summary of the main and sub stratigraphic units identified in the Gulf of Cadiz region between 1996 and 2011 by different scientist. Notice some stratigraphic units 
mapped by different authors ( although with different names) are correlatable. (Hernández-Molina et al., 2015). 
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Fig 3. 11 A) Seismic profile (line PD00-830) showing the stacking pattern for Pliocene sheeted drift to Quaternary separated drifts, based on correlations between sites U1386 and 
U1387.B) Main  stratigraphic units  (P, PQ and Q), units (PI–PIII and QI–QIII) and subunits (P1–P6 and Q1–Q6), the main discontinuities ET = Erosional truncation M = Miocene–
Pliocene boundary; EPD = early Pliocene discontinuity; IPD = intra Pliocene discontinuity; LPD = late Pliocene discontinuity; BQD = base of the Quaternary discontinuity; 
EQD = early Quaternary discontinuity, MPD = mid Pleistocene discontinuity; and LQD = late Quaternary discontinuity. (Hernández-Molina et al., 2015)
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• Unit P1 (Lower Pliocene) lies above a laterally extensive basin-wide erosional unconformity. 

It has parallel, continuous and high amplitude internal reflectors. There is an average thickness 

of 300m north of the AWC and an average uniform thickness of 50m above the AWC. In the 

southern Gulf of Cadiz, the thickness of this unit is controlled by diapiric and basement 

structures. The M3 lithologies includes clays with interbedded sandy clays, and some sandy 

turbidites. 

• Unit P2 (Upper Pliocene) shows an aggradational onlapping pattern over its lower boundary 

and, in places, an almost horizontal boundary that drapes over and hides most of the outline of 

AWC. P2 is better developed in the basin north of the AWC. At the bottom of the sequence the 

reflectors are transparent to discontinuous but towards the top of the sequence they have 

higher amplitude and more continuous reflectors. The lithology comprises hemipelagic clays 

and sand deposits, turbidite sands, and some contourite drift deposits (Fig 3.12). 

• Unit P-Q (Upper Pliocene–Quaternary) has lower reflectors that prograde and onlap onto 

an extensive basin-wide basal unconformity (Fig 3.12). The P-Q units can be sub-divided 

into smaller units with varied thickness and facies. These have been P3, QI and QII by (Llave, 

2007), with the addition of a fourth unit QIII by (Hernández-Molina et al., 2015) (Fig 3.12).    

3.6.2 Halokinesis Structures  

One significant process that has affected the evolution of Cenozoic seismic units described above, is 

the periodic activation of halokinesis (or salt diapirism) triggered by regional stresses. Structural maps 

in the area showed that evaporite-related structures are restricted to the central and eastern regions of 

the GOC and are commonly aligned with major fault systems. This suggests that the stresses that 

reactivated basement faults have also induced salt movement in the region (Lopes et al., 2006). 

Additionally, the depositional and erosional events, the location of salt withdrawal depocentres and 

changes in the flow and composition of formation waters all further impact evaporite structure. In table 

3.3 a summary of the halokinesis activity and evolution in the Gulf of Cadiz area is presented. 
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Age Salt tectonic intensity  Compressional intensity  

Piacenzia-Holocene Very Mild   

Tortotian -Messinain Strong  

Middle tortonian -

Zanclean 

Strong  Highly compressive   

Lutetian to Oligocene Strong  Moderate Compression /reactivation of 

basement structures 

Lutetian  strong Strong  

Aquitanian to Lower 

Tortonian 

Mild  

Late Campanian to 

Lutetian  

Mild Mild 

 
Table 3. 3 Showing record of halokinesis in the area 

3.6.3 Accretionary Wedge Structure  

There is a massive and complex seismically chaotic body located in the Gulf of Cadiz (to the west of 

Gibraltar Gateway). Analysis of lot of seismic lines in the Gulf of Cadiz reveals a large chaotic body 

that covers a huge fraction of the lines. This AWC feature (which diffracted seismic energy) when 

observed and mapped extends from Gibraltar to Eastern horseshoe plain and up to the Seine Plain thus 

covers approximately 400*200 km area (Lajat et al., 1975) and (Bonnin et al., 1975).  

 It was first discovered onshore in the 1960’s by Perconig and Offshore in the 70s (Offshore). The big 

allochthonous mass adjacent to Mediterranean orogenic arc was also reported by Beck in 1972 and 

then Muller in 1973. Since then several authors have attempted to map and describe the chaotic body 

and determine their emplacement mechanism. (Roberts, 1970); (Lajat et al., 1975); (Bonnin et al., 

1975); (Baldy et al., 1977); (Mougenot et al., 1979); (Maldonado et al., 1999); (Medialdea et al., 2004); 

(Dıaz-del-Rıo et al., 2003). 

Olistostrome or not? 

This feature is very reflective; thus, apart from areas that pinch out, the seismic data available in the 

public domain do not penetrate up to the bottom. The internal seismic character shows laterally 

discontinuous (both horizontal and sub horizontal) reflectors various magnitude. Upon analyses of the 

similarity and correlation between this body and other bodies drilled in the Guadalquivir fore deep and 

external Rharb of the Betic and Rifean chain respectively; (Perconig, 1962); Feinberg 1976), the age 

of this unit was proven to be Mid Miocene (Tortonian). Over the past three decades, this feature has 
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being studied by a several authors (Lajat et al., 1975), (Bonnin et al., 1975), (Torelli et al., 1997); 

(Maldonado et al., 1999); and has being designated/assigned different nomenclature (such as: 

olistostrome, accretionary wedge, accretionary unit, Guadalquivir allochthonous mass, Guadalquivir 

accretionary wedge complex etc.) as more of its nature and origin becomes unravelled. Although a 

general consensus regarding the Mid Miocene depositional age has being reached (Bonnin et al., 1975), 

(Lajat et al., 1975), (Maldonado et al., 1999); there is still a lot of controversy and ongoing debate 

about  the evolution, cause of emplacement, the  texture ,composition,  the process of formation and 

the regional extent of the AWC. Lack of sufficient clear seismic reflection profiles has resulted in the 

degree of ambiguity and differing theories proposed on this subject. 

Theories about ‘Olistostrome’ formation  
Several schools of thought about the method of emplacement has been proposed. They include 

gravitational processes, diapirism, tectonic mélange, debris flow etc. Below is as summary of the 

explaining given by selection of authors. 

Vazquez and Vegas 2000 suggested emplacement is owing to the diffuse nature of plates around the 

Gulf of Cadis and. There studies revealed that the allochtonous mass was emplaced as a consequence 

the Rifean and Betic orogeny which occurred after the Westerly movement   and collision of the 

Alboran region to the South Iberia and North Africa margins. Maldonado (1999) suggested subduction 

of the Iberian crust beneath the Alboran micro plats land later deformation of the oceanic crust /lower 

plate.  

Whereas Sartori et al (1994) reckons that there is lack of evidence of subduction such as subduction 

related deformation structures  in the distal Margin and Atlantic basin .But rather stresses released 

between the Seine Abyssal plain and the Gorringe bank 4) Gutsher et al 2002 proposed that  the  

massive chaotic body is an active accretionary complex which is related to oceanic lithosphere west of 

Gibraltar arc  under the Alboran sea phase of active  narrow. 

Lajat et al. (1975) suggested that this body is an olistostrome that moved from east to west. In order to 

simplify description, Bonnin et al. (1975) and Auzende et al (1981) divided the seismic chaotic unit 

into three from east to west. Basically, the first (located near the eastern Gibraltar orogenic arc) is 

overlain by an overburden with varying thickness and was simply referred to as an arcuate Betic-Rifean 

orogeny. On the other hand, the second middle region (which outcrops) is interpreted as a Pre-

Messinian collision chain that developed as a result of the African-Iberian plate convergence. While 

the third part which is close to the Horseshoe plan and lies within sediment was described as an 

Olistostrome formed as a consequence of the previously mentioned collision chain.  
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Fig 3. 12 Tectonic map showing principal structural units of the Betic–Rif Orogen and associated Neogene basins (originally from 
Iribarren et al., 2007 and Verges and Fernandez, 2012, also including Gulf of Cadiz tectonic features described by Terrinha et al., 
2002;Medialdea et al., 2004, 2009; Fernández-Puga et al., 2007; Roque et al., 2012 and Duarte et al., 2013). SF, Socovos Fault (Betics); 
TF, Tiscar Fault (Betics); JF, Jehba Fault (Rif); NF, Nekor Fault (Rif); AF, Alboran Ridge Fault (Alboran); and YF, Yusuf Fault (Alboran). CF, 
Cadiz Fault; QF, Quarteira Fault; PH,Portimao High; BH, Basement High; SVF, San Vicent Fault; PF, Portimao Fault; MPF, Marquês de 
Pombal Fault; AF, Arrábida Fault. 1 = reverse and thrust faults; 2 = normal faults; 3 =strike slip faults; 4=faults; 5=contact below 
sediment; 6=inferred/probable faults; 7=blind faults; 8=marly+ salt diapirs (AUGC); 9=Salt diapirs; 10: Nubia–Iberia plate 
convergence;11=Sites from IODP Exp. 339; 12=2 wells drilled by petroleum exploration companies. Legend for the sedimentary basins 
along the southern Iberian margin: DAB=Deep Algarve basin; AlB = Alentejo basin; CB= Cadiz basin; DB= Doñana basin; RB = Rota 
basin; SB= Sanlucar basin. 
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Furthermore, the seismic opaque body has also being interpreted as an accretionary prism or tectonic 

melange (caused a by northward subduction of African plate under the Gorringe Ridge (Purdy, 1975), 

an olistostrome originating from the east and filling up a structural depression formed during N-S 

African-Iberian convergence (Malod et al., 1982); (Torelli et al., 1997) also divide the structure into 

two parts based one the difference in characteristics visible on seismic.They recorded that the large 

volume of this chaotic mass observed in northern sector to have occurred as a result of superposition 

of “endo olistostromes” generated from structural highs during the rapid phase of Africa-Iberia 

convergence while the southern sector relatively smaller olistostromes are observed. 

Along similar lines, Balanyá and Garcia Duennas (1987) proposed that upon termination of the 

Mediterranean alpines belt, the westward propagation of Gibraltar thrust resulted in development a 

thrust–nappe as well as formation of the olistostrome unit from mid- Miocene to Tortonian. Both 

emplacement dates are consistent. 

 The Accretionary wedge complex probably formed as a result of tectonically induced and gravity 

driven sediment deposition (Torelli et al., 1997). Half Graben morphology also determined the 

structural trend in the Mesozoic (but became affected by inversion structures) and consequently 

deposition of Neogene accretionary wedge (partially overlying the passive margins of south Iberia and 

Morocco) in the Gulf of Cadiz. (Torelli et al., 1997), (Andrés et al., 1999). 

 Although there is no general consensus about the name, it is obvious that it is a massive unit accreting 

that pinches out forming a wedge like shape. As a result, this feature for the remaining of this thesis 

will be referred to as the accretionary wedge complex (AWC). 
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CHAPTER 4: GEOMORPHOLOGY AND SEDIMENTATION 

4.1 Introduction 
This chapter presents new results and their interpretation on the geomorphology and sedimentation of the 

northern Gulf of Cadiz. It presents new interpretation of a comprehensive multibeam bathymetric dataset, 

previously compiled by (Zitellini et al., 2009), together with a 2D seismic dataset, collected over two 

cruises by TGS-NOPEC. 

The principal aims of this chapter are to: (1) compile a new morphosedimentary map for the northern 

Gulf of Cadiz region; (2) describe and discuss the geomorphological characteristics and their 

distribution across a diffuse transgressive plate margin; (3) provide insight into the recent sedimentary 

processes, sediment distribution and their controlling factors; and (4) consider how seafloor 

morphological features interact with along-slope bottom current and downslope turbidity current 

behaviour, and influence sediment style and distribution. The study focuses entirely on features 

observable at the present-day seafloor, although their origin and evolution may have a much longer 

history.  

The chapter is organised as follows: 

• Introduction: summary of the research aims and chapter organisation. 

• Methods and data: a brief overview of the specific datasets used and the methods of analysis for 

this chapter. 

• Morphosedimentary setting: a review of the broad morphosedimentary features of the northern Gulf 

of Cadiz, mainly based on previous work. 

• Morphological features: a systematic documentation of the medium-scale morphological features 

that can be observed in the available datasets and that have clear expression on the seafloor. These 

include faults, diapirs, fluid-escape features (pock marks, mud volcanoes, fluid-escape chimneys), 

channels, gravitational features (slides, slumps, MTDs), and other minor features (scarps, scours 

and giant sediment waves). 

• Morphometric analysis: an attempt to use landscape morphometric techniques to elucidate a new 

view and understanding of seafloor morphology and its interaction with sedimentary processes. 

• Discussion: synthesis and discussion of the principal findings. 

 

  



 

 89 

4.2 Methods and Data Set 
This chapter is based mainly on the interpretation of 2D multi-channel seismic lines (TGS NOPEC) 

and SWIM+GEBCO bathymetry (Fig 2.7). Although the bathymetric data that is available for this 

study covers the entire Gulf of Cadiz region, the seismic TGS data only covers the northern part of the 

region, which includes the sectors described in (Hernandez-Molina et al., 2003) as the Channel and 

Ridges sector, the Contourite Depositional sector, and the Submarine Canyons sector. 

The principal study area for all observations is shown on standard-size base maps for ease of 

comparison. The lines running from the SW to NE corners indicate the subsurface and surface 

expression of the Accretionary Wedge Complex (AWC). The bathymetry for this area is given in (Fig 

4.1A), and the seismic grid shown in (Fig 4.1B). This figure also shows the sections of seismic lines 

used in various figures for illustration of the different morphological features. In referring to different 

parts of the study area, when describing the distribution of features, the area is simply divided into four 

quadrants – NW, NE, SW and SE. (Fig 4.1A). 

4.2.1 Data Type  

SWIM Bathymetric Data  

Multi-beam echo sounders with a frequency of 14.5-16Hz are typically mounted to the hull of a 

research vessel. They emit multiple acoustic signals as a fan-like beam to the seafloor. The response 

from the seafloor creates echoes, which are recorded and converted to depth data by the receiver. The 

data is then converted to bathymetry and recorded as a seafloor bathymetric map. Further information, 

such as seabed backscatter properties, bathymetric contours and micro-relief, are also produced and in 

this case were compiled together to make bathymetric maps that clearly show the principal 

morphological features (De Moustier and Matsumoto, 1993).  

 

The high resolution SWIM + GEBCO bathymetric map used in this study was created by (Zitellini et 

al., 2009) after a compilation of research results collated from different scientific institutions across 7 

European countries between 2000 and 2006.   Although the bathymetric map used covered the entire 

region including the SW Iberian margin, only the northern Gulf of Cadiz area was interpreted. These 

data were gathered on a series of scientific expeditions, including the Tasyo cruise (2000), Parasifal 

cruise (2000), TV-GIB cruise (2003), Cadisar-1 cruise (2001), Cadisar-2 cruise (2004), Matespro 

cruise (2004), Gap cruise (2003), Delila cruise (2005), and Hermes cruise (2006). The reader is referred 

to Plate 1 of (Zitellini et al., 2009) for the full list of contributors and the map showing location of each 

cruise.  
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TGS NOPEC Seismic Data 

The 2D seismic dataset used for this study was obtained from two seismic surveys conducted by TGS-

NOPEC. A total of 51 2D lines covering an area of about 20,000 km2 were collected from a region 

northwest of the Straits of Gibraltar (Fig 4.1 B). Of these, 34 were oriented approximately NW-SE (4-

5 km spacing), and 15 NE-SW (8-10 km spacing). One additional N-S line and one WNW-ESE line 

were collected subsequently. The coverage of the norther Gulf of Cadiz slope is not complete, but some 

of the lines do extend from the shelf edge in the north to the margins of the Accretionary Wedge 

Complex (AWC) in the south.  

4.2.2 Data Analysis 

For this work, seismic data files were uploaded into Kingdom SMT 8.5 (Fig 5). The SWIM Bathymetric 

map files mentioned above were also uploaded into Kingdom SMT and imported as behind the seismic 

lines, which served as a guide and for calibration purpose. The entire seismic lines were checked for 

multiples, polarity, misties and resolution variation. The negative polarity corresponds to high 

impedance contrast. On the whole, the seismic sections have deep penetration, but the quality reduces 

with increasing depth. The Neogene section all has good quality and the quality of the reflectors only 

became worse from below approximately 3 seconds TWT. 

After proper assessment, data interpretation commenced looking at both the NW-SE lines and each 

intersecting NE-SW line. Consistent interpretation of reflector patterns and acoustic characters was 

performed with the known geology of the area and established geological concepts in mind. Qualitative 

description and quantitative measurements were made for each morphological, sedimentological or 

fluid escape feature encountered on seismic line(s). For the features visible on the sea floor, their 

measurements were calibrated by identifying and premeasuring the same on the SWIM bathymetric 

map. However, for complete seafloor characterisation, some conversions were needed, with careful 

attention to the scale and unit of measurement. Most of the measurements were made and presented as 

TWT, but to give a comprehensible description the height of the feature was converted from TWT to 

metres, using an average speed of sound in water of 1500 ms-1. Data presentation is in ARC-GIS. 

4.3 Morphosedimentary Setting 
The Gulf of Cadiz straddles the Africa-Eurasian Plate boundary, and is underlain in part by the 

westernmost part of the Alpine orogenic belt (Zitellini et al., 2009).  This location has subjected the 

area to different phases of plate motion, including the NW-SE convergence, dextral strike-slip motion 

and the westward migration of Betic and Rifean Orogenic belt. The geological evolution of the 

continental margin within the Gulf of Cadiz can be traced back to approximately 200 Ma ago when the 
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Eurasia and Africa first rifted from and then drifted away from the North America plate (Srivastava et 

al., 1990b). 

 

The location of the Gulf of Cadiz above Africa-Iberia Plate boundary (Maldonado and Nelson, 1999) 

and west of three major oceanic gateways between the Atlantic Ocean and the Mediterranean Sea (Fig 

1.1) makes the region prone to the complexities associated with both relative plate motion and the 

influence of the opening and closing of these oceanic gateways. 

The effect of the geodynamic evolution is evident in the irregularity of the physiography and 

complexity of the geological structures of the GOC continental slope. Based on the difference in slope 

gradient and distribution of morphological features, the area can be subdivided into three domains. 

These are: the Upper Slope (120-140 to 500m water depth) with an average gradient of 3-50, the Middle 

Slope (~ 500-1200m) with a relatively low gradient of 0.5-1.00, exhibiting one or more distinct slope 

terraces), and the lower slope (1200 to ~4300-4800m) with an average gradient of 1-30 that decreases 

towards the ocean basin. The latter shows flat abyssal plains and low abyssal hills (Heezen and 

Johnson, 1969); (Maldonado and Nelson, 1999) (Hernández-Molina et al., 2006a). 

Evolution of the continental margin and its sedimentary succession has been shaped principally by an 

interplay of tectonic effects, sediment supply and depositional processes, sea-level fluctuations and 

climate change. 

These controlling factors have been the focus of several research studies with rather more emphasis 

been placed on tectonic activity (Zitellini et al., 2009), probably because a lot more expressions of 

tectonism have been identified, for example: assemblages of structural highs and intervening lows, 

varying and often complex topographic reliefs, the occurrence of tectonic inversion, creation of 

intraslope basins, lateral and spatial variability in the distribution sedimentary facies, neotectonics 

reactivation, and so on. 

The tectonic events that commenced in the Triassic (Ziegler, 1989);(Heyman, 1989) have resulted in 

the formation of morphological and tectonic structures of varying orientation, types and sizes. The 

large-scale structures directly or indirectly affect the type and distribution of the numerous smaller-

scale sedimentological and morphological features (Heyman, 1989); (López-Gómez et al., 2002); 

(Maldonado and Nelson, 1999). Both large and small-scale morphological features (which may be 

closely interrelated) can cause sea floor irregularities and in turn affect the location of sedimentary 

depocentres, as well as the distribution and relative energy (velocity) of the depositing  Deepwater 

currents (Rebesco et al., 2014). 
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The principal large-scale tectonic and morphological features that are observed across the Gulf of Cadiz 

continental slope include (Fig 1.1): a series of basement highs (e.g. Portimao Bank,  Guadalquivir 

Bank) and intervening lows or valleys (e.g. Rharb Valley); a series of structural lineaments and 

associated faults (e.g. Marques de Pombal fault, SWIM Lineament); and the Accretionary Wedge 

Complex, which underlies the central and eastern parts of the Gulf of Cadiz (Zitellini et al., 2009). 

These features have been directly linked to regional tectonic episodes. The Accretionary Wedge 

Complex is the result of an earlier period of subduction, followed by subduction rollback that led to 

formation of the Betic and Rif arcs (Torelli et al., 1997); (Maldonado and Nelson, 1999); (Medialdea 

et al., 2004). The oblique collision of Iberia and Africa in the Late Miocene led to the formation of 

large strike slip faults known as the SWIM lineaments, tectonic inversion, thrust faulting and uplift of 

the basement highs. (Duarte et al., 2009); (Zitellini et al., 2009); (Terrinha et al., 2009); (Ribeiro et al., 

1990);  Le Gall et al 1997). 

 

The principal sedimentary processes that led to both the erosion and deposition of sediment across the 

margin included: downslope gravity-driven processes, along-slope bottom-current processes, and the 

vertical settling of material via pelagic and hemipelagic processes. Bottom currents associated with the 

Mediterranean Outflow Water mass have led to the plastering of a major contourite depositional system 

across the region, especially in the eastern and northern Gulf of Cadiz (Hernández-Molina, F. et al., 

2006). Downslope sediment supply is locally evident everywhere around the margin, but is particularly 

prevalent through the channel and canyon system in the nortwestern part of the study area. Pelagic and 

hemipelagic sediments blanket those regions where neither downslope nor alongslope processes are 

active. 

 

The interaction of sedimentary processes with the major tectono-morphological features have resulted 

in a particularly complex continental margin. This has been divided into five morphosedimentary 

sectors (Llave, 2007, Llave et al., 2001); (Hernández-Molina et al., 2006b, Hernández-Molina et al., 

2003). These are (Fig.1.1): (1) Proximal scour and ribbons sector; (2) Overflow sedimentary lobe 

sector; (3) Channels and ridges sector; (4) Contourite depositional sector; and (5) Submarine canyons 

sector. 

 

The relatively minor or small-scale morphological features that occur in all the morphosedimentary 

sectors across the whole region include faults, diapirs, channels, mounds, scours, scarps, pock marks, 

mud volcanoes, fluid-escape chimneys, mass transport deposits, and giant sediment waves. These are 

closely linked to both tectonic activity and sedimentary processes, and commonly result from an 
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interaction between the two. They have been variously studied for small areas (e.g. the Tasyo Field, 

the Moroccan Field, the Algarve Basin, Eastern GOC etc.) within the Gulf of Cadiz or as part of larger 

studies (Ferranti et al., 2014); (Medialdea et al., 2008); (Hernández-Molina et al., 2016); (León et al., 

2014) . 

 

Diapirs and fluid-escape structures have been closely linked to compressive stress and emplacement of 

the AWC (Medialdea et al., 2009); (Maldonado et al., 1999); (Lowrie et al., 1999). The Miocene and 

Quaternary age sedimentary cover that overlie the ACW has varying thickness and is pierced by fluid 

escape features such as diapirs, mud volcanoes, and pockmarks (Somoza et al., 2003); (Pinheiro et al., 

2003). Upon opening of the Gibraltar Gateway, bottom currents associated with the Mediterranean 

Outflow Water encountered pre-existing or active morphological features (such as diapirs, mud 

volcanoes, pockmarks) and initiated the development of erosive morphological features (channels, 

moats, gullies, scarps and scours). Further erosion triggered the formation of gravitational features 

(submarine slides, mass transport deposits) (Ivanov et al., 2000); (Hernandez-Molina et al., 2003); 

(Habgood et al., 2003); (García et al., 2009). 

This chapter takes a more detailed, comprehensive and quantitative look at the small-scale 

morphological features, and considers how they interact with and affect margin sedimentation. 

 

4.4 Morphology of Features  

4.4.1 Faults 

Faults are not themselves a true morphological feature, but they do have significant effects on the 

development of other morphological features at the seafloor. They are therefore considered first at the 

outset of this chapter. 

The principal tectonic features of the region have already been summarised briefly above (Section 4.3) 

and discussed in more detail in Chapter 2. This tectonic setting, which represents the diffuse boundary 

between the Eurasia and African plates, is expressed by a series of major strike-slip and thrust faults 

(Gutscher et al., 2006), (Medialdea et al., 2004), (Hernández-Molina et al., 2016) (Fig 4.1.C & D). 

Based on GPS data, present-day plate convergence is oblique (Calais et al., 2003); (McClusky et al., 

2003). Bearing that in mind, most of the recent tectonic activity in the Gulf of Cadiz may be a 

consequence of its geodynamic setting at the eastern part of the Eurasia-Nubia Azores-Gibraltar plate 

boundary (Cunha et al., 2012). Dextral strike slip movement of the SWIM lineaments as proposed by 

Rosas et al. (2009) is a consequence of transitioning of the plate boundary from a diffused type to a 

transform one. 
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Fig 4. 1 A) Map of Gulf of Cadiz showing the topographic features, bathymetry and major  faults (Hernández-Molina et al., 2016). CF, 
Cadiz Fault; QF, Quarteira Fault; PH, Portimao High; BH, Basement High; SVF, San Vicent Fault; PF, Portimao Fault; 1 = reverse and 
thrust faults; 2 = normal faults; 3 = strike slip faults; 4 = faults; 5 = contact below sediment; 6 = inferred/probable faults; 7 = blind 
faults; 8 = marly + salt diapirs (AUGC); 9 = Salt diapirs; 10: Nubia–Iberia plate convergence; 11 = Sites from IODP Exp. 339; 12 = 2 wells 
drilled by petroleum exploration companies. Legend for the sedimentary basins along the southern Iberian margin: DAB = Deep 
Algarve basin; AlB = Alentejo basin; CB = Cadiz basin; DB = Doñana basin; RB = Rota basin; SB = Sanlucar basin B)Map of Gulf of Cadiz 
showing the topographic features, bathymetry and major faults  (Gutscher et al., 2006) 

 

Some of the large thrust faults and strike slip faults mapped in the Gulf of Cadiz, such as the Portimao 

Bank and Cadiz faults trending NNE-SSW to NE-SE, are considered active (Terrinha et al., 2003); 

(Zitellini et al., 2001); (Gracia et al., 2003); Hayward et al., 1999; (Baptista et al., 2003). The NE-SW 

A 

B 
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thrust faults are a result of the strong influence of E-W subduction roll back (Gutscher et al., 2002a); 

(Gutscher et al., 2012), whereas most of the NE-SW normal faults are the result of an extensional 

tectonic regime that began in the late Miocene. The listric normal faults are mostly seen around the 

area underlain by the AWC northern lobe (Gutscher et al., 2009a) and as such are also tectonically 

driven but originally by the compressive tectonism that caused the emplacement of the AWC. 

Fault Type and Distribution 

The map of the faults identified from previous work (as above), together with careful analysis of the 

seismic profiles and bathymetric map used for this study, is presented in (Fig 4.2 A&B) Evidence of 

relative movements along faults is recognizable on seismic profiles by a clearly displaced set of 

characteristic reflectors, a marked concave-up discontinuity, and in some areas by fault scarps visible 

on the seafloor. In some cases, there is an abrupt linear discontinuity in the reflector package, perhaps 

with evidence of fluid movement, but with little or no obvious displacement. 

Over 90% of the faults mapped area in the study show normal separation. The normal faults identified 

can be categorised into two main types: Normal faults and listric normal fault. 

Normal Faults  

The term normal fault is used here to describe a simple straight fault plane (as opposed to curved or 

Listric). The faults on this type is mostly relatively steep and are expected to be relatively planar. The 

observed displacement on these faults spans a wide range from 0.01s to >0.1s TWT (8m to >800m) 

depth), although nearly half (i.e. 43%) of the total normal faults have displacements of less than 0.02s 

TWT(16m) These are herein referred to as minor normal faults, while those with displacement greater 

than 0.02s (16m)are referred to as major normal faults. 

The minor faults typically occur within the Miocene to mid-Pleistocene succession (i.e. they appear to 

be buried and inactive today) and are most common in the NE and SE quadrants, associated with 

diapirism. In vertical section, these can show a fan-like arrangement in the folded sediments directly 

above a diapir (Fig 4.5A & B). Where these are clearly related to folding and stretching of sediments 

above a diapir, they are referred to in this thesis as ‘crestal graben faults’. 
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Fig 4. 2 A Detailed map of Gulf of Cadiz faults with the SWIM bathymetry  B) closer view of the faults map without the SWIM 
bathymetry.  

. 

 

B 

A 
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The major faults occur throughout the succession, from pre-Miocene to the present day. These are 

mainly concentrated along the Gulf of Cadiz shelf and the western part of the slope. Many of the shelf 

faults trend in a N-S direction whereas those in the slope trend in an ENE–WSW direction. The throw 

on the normal (planar) faults located along the shelf is smaller in the eastern part of the shelf but 

increases towards the western part of the shelf. The northern normal (planar) faults dissect the deeper 

(early tertiary) stratigraphy and the throw is relatively higher than those mapped on the shelf (Fig 4.3 

A&B). 

Listric Faults  

Listric normal faults are those normal faults that transition from a high angle (i.e steeper) at shallow 

depth to a lower angle as depth increases thereby creating a fault plane with slightly convex upward 

shape (Fig 4.4 A&B). These listric normal faults appear to be clustered around the SE quadrant (Fig 

4.2.A). 

In some cases, an older listric normal fault can occur directly beneath a more recent normal fault as 

seen in (Fig 4.6A). 
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Fig 4. 3 A Seismic profile A) PD00-704 showing the some faults in the NE part of the shelf the faults have approximately 16m displacement  B) PD00-827 showing the large displacement 
(~112m )of fault on the slope. 

 

 

Fault 
scarp 
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Fig 4. 4 Seismic profile A) PD00821 B) PD00829  both profiles showing  listric normal  faults -yellow lines(with ~40-75m displacement) and the associated fault scarps 

Fault 
scarp 
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Table 4. 1 Table showing faults types and number mapped from seismic profiles  

Reverse Faults  

The reverse faults mapped in the study area are mainly deep-seated faults. Both high-angle 

reverse faults and low-angle reverse faults (or thrust faults) are recognised. These latter have 

been mapped by previous studies and are shown to be laterally extensive and mainly striking a 

NE-SW. A clear example of these are the major thrust faults bounding the Portimao High 

within the Algarve basin. The most extensive thrust faults are those, which bound the AWC. 

These are approximately parallel with smaller reverse faults apparent within the chaotic AWC 

seismic unit itself (Fig 4.2). 

Strike Slip Faults  

Three large WNW-ESE lineaments are identified between the Horseshoe Abyssal Plain in the 

west and the eastern Gulf of Cadiz (Fig 4.2). These WNW-ESE lineaments identified in the 

study area correspond with SWIM lineament previously mapped by (Zitellini et al., 2009); 

(Duarte et al., 2009); (Rosas et al., 2009) (Fig 4.1A&B). Although all three lineaments are 

identified on SWIM bathymetry, only the one that intersects some of the seismic profile (and 

could be calibrated) is included in the map. This lineament (strike slip fault A) is clearly visible 

on the seafloor and has a similar strike as the AWC. There are also some N-S trending strike 

slip faults in the NW quadrant and NE-SW strike slip trending faults in the SE quadrant, as 

also interpreted by previous studies. 

Fault Type  Fault Displacement (depth in meters) 

Normal Fault   <8m 8-16m 16-40m 40-80m >80m 

Normal Fault 86 105 90 47 11 

Listric Fault  4 8 3  

Crestal graben Fault  25 48 5   

Reverse Fault  Thrust Fault  - - - -  

Strike slip 

Fault  

Strikeslip/lineaments - - - - - 
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Fig 4. 5 A) Section of seismic profile PD00831showing Minor crestal graben faults(~24-40m) overlying diapir with associated fault scarp (~37.5m depth) B) PD00828 Minor crestal graben   
faults (~24m displacement) above a diapir  

Fault 
scarp 
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Fig 4. 6 A Seismic profile PD00835 Listric normal faults (yellow lines) overlain by minor throw normal fault (blue lines ) B)Seismic profile PD00826 crestal graben fault overlain by minor normal 
faults (blue lines) .Displacement on faults ~16m-32m. 
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Principal Controls on Fault Development 

The study area is located across part of the diffuse plate boundary between the Eurasian and 

African cratons. This has been the site of both convergence and oblique convergence, with 

regions of basement uplift and diapiric intrusion, and includes both reverse and strike-slip 

faulting. However, regions and periods of compression are separated both spatially and 

temporally by areas of subsidence and of horizontal extension. Most normal faults have 

developed as part of this system. 

Further factors include: (1) deformation and extensional strain experienced in sediments 

overlying basement highs and diapiric intrusions; (2) differential compaction effects; and (3) 

the complex stress field associated with emplacement and development of the AWC, and 

subduction rollback. Some of the resulting features are stress-relief fractures without any or 

without significant fault displacement. 

Effect of Faults on Seafloor Morphology  

Faults are seen to have a pronounced effect on many aspects of seafloor morphology in the 

study area. Some are clearly aligned with NS oriented downslope channels and canyons and 

may therefore have contributed to their initiation and location. Others, particularly the principal 

thrust faults and strike-slip lineaments in the south-central region, are oriented generally E-W 

parallel to the basement high margin and to the margin of the AWC. Although the thrust faults 

do not intersect the seafloor, they cause the development of upwarps and folding of the 

overlying sediments, which elevates the seafloor pre-thrust, or syn thrust. Any subsequent 

sedimentation over the thrust fold mounds and adjacent depressions is influenced by the 

seafloor relief. 

Towards the east central region, the fault trend turns towards the SW-NE, parallel to the AWC 

margin in this area and also closely aligned with diapiric ridges and general diapir orientation. 

These faults may have been instrumental in controlling diapiric intrusion (see below), and 

therefore also in affecting the geometry and organisation of along-slope channels. 

Fault displacement at the seafloor itself leads to a more elevated side and an adjacent 

depression. Diapiric emplacement associated with faulting may also result in folding of the 

overlying sediments and a locally elevated seafloor. All these features can lead to pronounced 

scarps visible on the seafloor, especially where subsequent current erosion has served to 

accentuate the relief (Fig 4.4 and Fig 4.5A). Scarps that resulted directly or indirectly from 

faulting can subsequently be eroded by continuous flow of bottom water to form drainage 
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features (channels, moat or gullies) on the seafloor. The exact type depends on the extent of 

scarp and the velocity of current. 

Faults can act as conduits for fluid escape – water, gas and potentially oil. These therefore lead 

to circular/sub-circular depressions on the seafloor as pockmarks, and to elevated mounds or 

mud volcanoes. 

Faults and Diapirism  

Major faults are causal in the emplacement of diapirs, whereas diapiric intrusion leads to the 

development of small tension faults overlying the crest of the diapir. It appears that the nature 

or scale of faulting affects the intrusiveness of the associated diapir and the extent to which 

diapir pierces the sedimentary sequence. This also determines to what extent crestal graben 

faults are developed and therefore how these affect the seafloor. 

For instance, let us consider two scenarios. In the first, crestal graben faults with similar 

dimensions develop above a slightly intrusive diapir and a highly intrusive diapir (Fig 4.5A). 

The ones above the latter will most likely affect the seafloor while the former will have little 

or no impact on the seafloor. 

In the second scenario, two diapirs with similar degree of intrusiveness could have varied 

normal faults that are better lengths or less well developed in response to the local structural 

and or local tectonic activity. The diapirs formed in the NE quadrant are mainly localised and 

triggered by extensional tectonics without apparent fault control, whereas and those in the SE 

quadrant are triggered by compressional tectonics and typically underlain by major faulting. 

The tension faults associated with the latter appear more elongate and pierce the seafloor. This 

may explain, in part, why (1) only few tension faults and associated scarps are visible on the 

seafloor; and (2) the tension faults visible on the seafloor or with associated fault scarps are all 

above the area underlain by the AWC-linked diapirs. 

Effect of Faults on Sedimentation 

Fault activity can have a direct effect on sedimentation. In addition to uplift and downdrop or 

lateral movement of the rocks on either side of the fault, there is also seismicity along the fault 

plane, which can destabilise sediment leading to mass-wasting events and hence to the 

emplacement of mass transport deposits (see Section 4.4.9). These in turn may generate 

turbidity currents. Slope instability is most closely linked with slope gradient. Faulting mainly 

has an indirect effect on sedimentation in the study area by influencing seafloor morphology 

(as above), which in turn affects the nature and locus of erosion and deposition. 
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Fault-related scarps can become eroded and develop drainage feature(s) or become the 

preferred path of bottom currents.  The drainage feature can vary in size and length depending 

on the alignment of the eroded fault scarp, the size of the original scour, the bottom current 

velocity and subsequently the location and size of the deposits. For instance, a bottom-current 

channel or moat can increase in length where fault scarps are aligned and in close proximity 

with each other (probably because they are rooted in the same extensive fault zone or diapir). 

The larger faults, which have sufficient displacement, have the potential to influence the 

sedimentation and sediment accumulation over a significant region and time period. The 

downward movement of the hanging wall (of a normal fault) creates accommodation space on 

one side of the fault plane, hence leading to thicker sediment packages relative to the footwall. 

In addition, low angle thrust faults helped transport thick packages of sediment (the chaotic 

AWC unit) over a distance of many kilometres from the orogenic belt westwards across the 

Gulf of Cadiz. 

 

Fig 4. 7 Seismic profile P74-7 showing a fault related moat and contourite drift. 
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The fault distribution in the area can influence the overall drainage network, erosion and 

transport processes, and sediment distribution patterns, for both downslope and alongslope 

sedimentation. 

Both faults with small and large throws can create scarps visible on the seafloor. Scarps with 

significant relief can be caused by either a single major fault with a large throw, or by a cluster 

of more minor faults (Fig 4.4A, Fig 4.5A). These fault scarps are then accentuated by bottom-

current erosion, leading to a pronounced scarp edge and adjacent depression. The fault-scarp 

depressions become a preferred path for flow of bottom currents and consequently help to 

determine the spatial distribution of contourite drifts. 

Regional topographic elevation of the seafloor, principally caused by effects of thrust faulting, 

have changed the overall distribution of sediments and sedimentation rate in the Gulf of Cadiz. 

This is especially apparent in the south part of the study area. The topographic high in the area 

underlain by AWC and thrust faulting has less accommodation space and therefore has 

accumulated a relatively thinner sedimentary cover than the northern part of the study area, 

which has more areas of depression, intra-slope basins and diapir related synclines. 

Fault activity also has a direct effect on sedimentation. Both faults with linear or curved shear 

planes in some areas are related to failures in the upper sediment layers around the middle slope 

(Fig 4.7, Fig 4.9). In addition, faults that cause local seafloor displacements are important, as 

they indicate possible movement during Quaternary or recent times and present a high potential 

for movement in the future. Even without the exact knowledge of the timing of the faults in the 

area, the distribution was a guide for determining (ahead of detailed mapping) the location of 

mass transport deposits which in turn is very important for both hydrocarbon exploration and 

exploitation. 
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Fig 4. 8 Map showing the distribution of faults and the diapirs across the study area E-Extrusive, HI-Highly intrusive, SI-Slightly intrusive 
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Fig 4. 9 The composite map showing the faults, diapir and mass wasting distribution in the Gulf of Cadiz. E-Extrusive, HI-Highly intrusive, SI-Slightly Intrusive 
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4.4.2 Diapirs  

Introduction 

Diapirism is one of the principal morphologic features affecting the GOC topography and 

resultant sedimentary process and product distribution. The prevalence of diapirs is because 

the factors that favour their genesis and growth are present in the area. These factors include:  

i) Availability of plastic sediments (e.g. salt, mud and marl)  

ii) Rapid addition of overburden sediments increasing the magnitude of vertical load.  

iii) Overpressure of fluid in unconsolidated sediments 

iv) Tectonic faulting and fault reactivation in a compressive regime 

The presence of both diapiric ridges and domes has contributed significantly in shaping the 

seafloor to varying degrees, both directly and indirectly. In other words, the seafloor is either 

directly distorted by the diapirs or is affected by the other structures that are a consequence of 

diapirism. For example, the fan upward bulge/folding or faulting of the sedimentary cover. 

Previously mapped and well known diapiric features, namely Cadiz Diapiric Ridge, Donana 

Diapiric Ridge and Guadalquivir Diapiric Ridge (E. Gràcia et al., 2009), (Medialdea et al., 

2009) are the largest and most prominent such features mapped here. The Cadiz ridge is not 

intersected by any of the 2D seismic lines in the study area, but because of its extrusiveness 

this could easily be mapped from the bathymetric data as well as knowledge from literature. 

Other significant diapir ridges and domes are also visible, an example of the latter is the well-

known Lolita Diapir (Medialdea et al., 2009), (Fernández-Puga et al., 2007). 

In the southern part of the study area diapir ridges (elongate) or dome (rounded) are visible on 

the seafloor and bathymetric map, whereas in the north of the study area the diapirism is only 

slightly intrusive and cannot be directly mapped using just the bathymetric map. The slightly 

intrusive diapirism in the north however does lead to development of an upward bulge of the 

sedimentary cover, which could affect the seafloor topography. Therefore, morphological 

features are closely linked to deeper diapiric structures even when they may not be apparent on 

the seafloor. 

The diapirism in the GOC is caused by the intrusion and upward mobility of two different 

sediment types: one is mainly Miocene mud and marl from the AWC complex, and the other 

is salt and/or gypsum from the Triassic evaporite unit (Lowrie et al., 1999), (Maldonado and 

Nelson, 1999), (Fernández-Puga et al., 2007). Additionally, an individual diapiric ridge shows 

variable intrusiveness along its length. For instance, for the Guadalquivir diapiric ridge (García 
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et al., 2009), the eastern end of the ridge is highly intrusive, the middle extrusive and the left 

more south western end is slightly intrusive. 

The magnitude of deformation in the Southern half of the study area is greater than that of the 

North; this increased deformation in the south is due to compressional stresses caused by 

orogenesis and emplacement of the AWC. Diapirism is relatively more intense and extrusive 

within the areas that are underlain by AWC as it is obviously a zone of geological instability. 

Diapir Type and Distribution 

This study has identified 129 diapirs in the Gulf of Cadiz middle slope region. Of these, 95 

have high certainty, as they are clearly visible on seismic profiles, whereas the remaining 34 

have a lower certainty (Fig4.11B, Appendix B.4), as they were mapped with a combination of 

bathymetric maps, ARCGIS visualisation tools and earlier maps from the literature.  The 

diapirs identified here are divided into 3 categories: extrusive diapirs, highly intrusive diapirs 

and slightly intrusive diapirs. The extrusive diapirs are those that pierce the seafloor (Fig 4.10). 

The intrusive diapirs are those that terminate before reaching the seafloor. Intrusive diapirs 

penetrate the sedimentary cover to varying degrees, and so in order to categorize them based 

on level of intrusion, the amount of sediment cover above a diapir is taken as the distinguishing 

criteria. Hence, the more intrusive ones, with only a thin sedimentary cover above the crest 

(<0.6 s TWT) are referred to as highly intrusive diapirs. Some highly intrusive diapirs do not 

affect the seafloor at all, whereas others indirectly affect the seafloor. For instance, when the 

sediments above a highly intrusive diapir are folded, mirroring the shape of the underlying 

highly intrusive diapir, the crest of the fold may create a bulge on the seafloor. The slightly 

intrusive diapirs are diapirs whose crest are >0.6 s TWT below the seafloor (i.e. with a thick 

sediment sequence above the diapir). For most of these diapirs the intruding sediment causes 

little or no folding of the sediments above and no trace of these are observed on the seafloor 

(Fig 4.12). Note that some of the elongate diapirs identified were partly highly intrusive and 

partly slightly intrusive. Further to their degree of penetration (or intrusiveness), diapiric 

intrusions are recognised as either ridges or domes. Here, the term ‘ridge’ is used for linearly 

extensive/elongate diapirs, and ‘dome’ for those that are more circular in plan view. A diapiric 

ridge can be one elongate structure or, in most cases, a series of closely spaced elongate diapirs 

that are aligned in the same direction (Fig 4.12. A and B). The diapirs that were not intersected 

by seismic profiles but determined from previous work and/or their bathymetric expression, 

are referred to as out-of-profile diapirs. 
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DIAPIR NUMBER CERTAINITY  

EXTRUSIVE DOME 3 HIGH 

EXTRUSIVE RIDGE 9 HIGH 

HIGHLY INTRUSIVE 

DOME 

16 HIGH 

HIGHLY INTRUSIVE 

RIDGE  

45 HIGH 

SLIGHTLY INTRUSIVE 

DOME 

4 HIGH 

SLIGHTLY INTRUSIVE 

RIDGE 

18 HIGH 

OUT-OF-PROFILE  34 LOW 

 

Table 4. 2 Summary of the number of each of the diapirs identified and the degree of certainty in their recognition 

The data show that ridges are more common than domes, by about 3:1. Whereas just over 10% 

of both types are fully extrusive, over 60% are considered highly intrusive, and many of these 

show some bathymetric expression at the seafloor (folds, mounds, faults). Diapirs in the SE 

quadrant are mostly extrusive or highly intrusive ridges and domes rooted in the accretionary 

wedge complex (Fig 4.11). Those in the NE quadrant are generally only slightly intrusive and 

do not influence seafloor morphology. 

In total, the diapir polygon covers about 2500 km2 of the study area. The individual diapirs, 

however, have a broad size range. The diapiric domes range from 0.38 to 32.5 km2 and the 

ridges range in size from 0.14 to 150 km2. 
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Fig 4. 10 A) Line 825 showing the different categories of diapirs identified and how the calculations are achieved. ED –

extrusive diapir, HID –Highly intrusive diapir, SID –slightly intrusive diapir. X time at the top of salt structure, Y time at the 

seafloor and Z –thickness of the sedimentary cover (Z=Y-X) B) Schematics of showing the different diapir categories. 
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Fig 4. 11  A) Map of the study area showing the different types of diapirs identified and the limit of the accretionary wedge 

complex E-Extrusive, HI-Highly intrusive, SI-Slightly intrusive. B) Map of the diapirs showing the limit of the seismic lines, the 

area with high-certainty diapirs and out-of- profile low-certainty diapirs. E-Extrusive, HI-Highly intrusive, SI-Slightly intrusive



 

 114 

 

 

   

 

Fig 4. 12 Seismic profile line PD00831 showing different diapirs with roots in the accretionary wedge complex   

NNW 

SSE 

SSE 
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Fig 4. 13 Seismic Line PD00834 (on left) and PD00707(on right) showing example of a slightly intrusive diapiric ridge and crestal graben fault

Crestal graben fault 
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About 62% of the diapirs trend in a general NE-SW to ENE-WSW direction (i.e. oriented 0400 

– 0700), approximately 15% trend in a broadly E-W direction (i.e. oriented 0800 – 1100), and 

the rest appear more randomly scattered Appendix 4.1. 

Principal Controls on Diapirism  

Diapirism and the Accretionary Wedge Complex (AWC) 

The magnitude of deformation in the southern part of the study area is greater than that of the 

northern part; this increased deformation in the south is due to compressional stresses caused 

by orogenesis and emplacement of the AWC. Diapirism is relatively more common and more 

extrusive in the southern part, especially within the areas that are underlain by AWC. This is 

clearly a zone of greater geological instability. The diapirs related to the AWC are mostly 

composed of marl and shale that are derived from poorly consolidated and over pressured 

sediment (Fernández-Puga et al., 2007), related to Miocene subduction and accretionary wedge 

emplacement (Maldonado and Nelson, 1999). 

The sediments scraped off the subducting plate are more unconsolidated and have higher water 

content than the surrounding sediments. As deposition of more sediments occurred during 

tectonic thickening, the weight of the overburden increased (Williams et al., 1984). This 

overloading in turn results in overpressure and buoyancy (where fluid escape is impeded), 

which makes the unconsolidated accretionary wedge deposit (which is a combination of salt, 

mud, marl and other deposits) begin to flow upwards. Within the accretionary wedge the degree 

of intrusiveness differs regionally. It varies both from one ridge to another and also along the 

length of one ridge. The diapirs at the arcuate front of the accretionary wedge are more 

extrusive than those in the middle of the complex. This is likely due to the presence of 

compressional structures, such as thrust faults and folds, around the frontal region (Medialdea 

et al., 2009) (Fig. 4.1B). 

The most prominent extrusive diapirs mapped (i.e. the Guadalquivir and Donana diapiric 

ridges) are found in the NE quadrant and aligned parallel to the AWC front in this region. The 

diapirs around the frontal parts of the north and south lobes of the AWC in the central part of 

the basin (Marked 2 in Fig 4.15) are closer together and intrusive. The middle of the lobes, 

however, have fewer diapirs. The external more western part of the AWC has very few diapirs, 

presumably because compression is less intense in this part than it is in the east (which has 

closer proximity to the orogenic belt).
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Fig 4. 14 A) Plots of diapir width vs Diapir length MBG- Minimum Bounding Geometry B) Plot of diapir polygon number vs diapir orientation  

A B 
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Fig 4. 15 Schematic showing a lateral distribution of diapirs in the study area.. Diapirism and sedimentary cover decreasing from east to west  
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The thickness of the sediments overlying the AWC also decreases from east to west, which 

may further explain the decrease of diapirism westward. The more extrusive diapirs form where 

the sedimentary cover is thicker in the east and so greater over-burden pressure is exerted on 

the mobile mud/marl sediments at depth. On the other hand, further westward, the sediment 

supply is less and, as a result, diapirism is both less and less intrusive. 

Diapirism and Faulting  

In general, the diapiric ridges are approximately parallel to major thrust faults and 

transgressional strike-slip faults.  For instance around the AWC front, major diapirs like Cadiz, 

Guadalquivir and Donana diapirs (Fernández-Puga et al., 2007) are oriented in the same NE–

SW, ENE-WSW direction as the major thrust faults. This similarity in direction and size 

suggests that faulting exerted strong controls on the development and distribution of diapirs 

because diapirism is triggered by the fault motion and diapir growth continues to respond to 

further movement of the fault structure (Fernández-Puga et al., 2007). The diapirs in the south 

(around the accretionary wedge complex) are triggered partly by thrust faults that formed as a 

result of compressive stresses during the Miocene compressional phase (Medialdea et al., 

2004). The diapirs related to these thrust faults are either highly intrusive or extrusive and are 

mainly asymmetric in shape. Basically, the larger thrust faults in the south cause diapirism and 

compressional stresses leading to enhanced diapirism in the Pleistocene. The compressive 

stresses and upward movement of diapirs result in crestal graben faulting in the folded 

overlying sediments. These  faults make the overlying sediments above the diapir more prone 

to further upward mud/marl movement creating a very extrusive diapiric ridge around the AWC 

front. 

By contrast, the diapirs in the north of the study area appear to be associated with normal 

faulting formed by extensional tectonics, which first occurred during the Triassic rifting phase 

but was later reactivated as extensional collapse occurred during the Pliocene subsidence 

(Somoza et al., 1999), (Maestro et al., 2003), (Maldonado et al., 1999), (Fernández-Puga et al., 

2007). Above some of the diapir crests, further crestal graben faults developed due to folding 

and extension of overlying sediments. The diapirs grew either by initial diapirism or subsequent 

diapir reactivation (Fig 4.13A). The appearance of a crestal graben fault is not directly related 

to regional tectonism but is controlled by the amount of extensional stress from the growing 

diapir created in the overlying sediments. Thus, the height of the diapir and the composition of 

the overlying sediments might influence whether or not there is stretching of the overlying 

sediments and development of crestal graben faults. 
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Fig 4. 16 The map of the study area shows the distribution of faults and diapirs  
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Effects of Diapirism on Seafloor Morphology and Sedimentation 

Diapirism appears to one of the principal factors that influences both seafloor morphology and 

the distribution of sediments and sedimentary processes in the Gulf of Cadiz. These effects are 

outlined and briefly discussed below. 

Diapirism and Channels  

The location of diapirs appears to control the location and development of many paleo and 

recent erosional features. In the SE quadrant, there are numerous diapirs and channels apparent 

at the seafloor and affecting its morphology – hence the name channel and ridge sector for this 

morphosedimentary sector. In the NE quadrant, although most of the diapirs are not visible on 

the seafloor, analysis of deeper seismic horizons shows that the intrusive diapirs in this region 

(which were probably once extrusive or highly intrusive) affected the paleo-seafloor 

morphology, specifically the location of marginal valleys or channels (Fig 4.17iii). The location 

and number of paleo-moats and channels has changed from the Pliocene to Holocene.  

During early phases of extension in the region (in the Triassic and Jurassic), salt diapirism did 

occur in the NE quadrant, and channels are noted around such diapirs e.g. H1 in (Fig 4.17iii). 

The draping of sediment over the diapirs and diapir flanks that occurred during the Miocene 

compressional phase led to relative synclinal depressions adjacent to diapirs. Miocene to 

Pleistocene channels developed in these synclinal low-relief areas H1 and H2 (Fig 4.17iii). 

During the Holocene, increased sedimentation caused the synclinal channels to fill H3 (Fig 

4.17 iii) resulting in the relative smoothness of the present seafloor. 

There is a complex interaction between diapir-induced relief at the seafloor and the flow 

pathways of bottom currents. The morphological highs above diapirs act as partial barriers and 

to deflect flow, whereas the lows on the flanks of diapirs become the preferred pathways for 

bottom currents. They are therefore prone to deepening by basal erosion thereby creating a new 

channel or deflecting an existing channel. Steepening of channel flanks by marginal erosion 

produces high-angle scarps on the channel flanks. The continuity and intrusiveness of a diapiric 

ridge affects the size, length and orientation of the channel that is developed. Where the ridge 

is more extensive and either highly intrusive or extrusive, the diapir acts as a barrier to flow. 

The flow is forced to take the path created by the syncline or diapir scarp thus creating a new 

channel or changing the course of an existing channel (Fig 4.18, Appendix B .2). The channel 

continues along the flank of the diapir or ridge for as long as its relief is sufficient to constrain 

the flow. 
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Fig 4. 17 i) Seismic profile showing varying horizons ii) the horizons without the profiles H1- red, H2- pink and H3-green lines. Black dash line -Paleo channel moat, D –Diapir, G-Guadalquivir 
Bank, PM- Paleo Moat iii) three horizon maps (H1, H2 and H3) showing how diapirism affects the location of paleo and recent channel location.Colour bar grading from red (shallowest depth) 
to blue (deepest part )  

i 

ii 

iii 
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Fig 4. 18 Schematics showing the channels and their relationship with diapirism i) Evolution of (L1) ii) Evolution of L2 iii) 
Evolution of L3 (L31 and L32). Iv) Evolution of L4. L-large channel, DDR- Donana diapiric ridge, GDR-Guadalquivir diapiric 
ridge, CDR-Cadiz diapiric ridge, GB – Guadalquivir bank, DE-Diapir extrusive, DI-Diapir Intrusive. 
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This is why the major channels closely parallel the flanks of the principal extrusive diapiric 

ridges and the Guadalquivir basement high 

Note that some ridges (like the Cadiz or Guadalquivir ridge) might appear extensive but they 

are, in fact, a series of shorter, closely spaced ridge segments aligned in the same direction. 

Such ridges have little or no effect on the direction of flow or channel (Fig 4.18iv) The spaces 

in between the ridge segments make the diapir exert less obstruction to flow than a continuous 

ridge would. Where the direction of flow is approximately perpendicular to the ridge crest, it 

may deviate slightly but mostly flows across the ridge via the spaces between segments. (Fig 

4.18iv). This, in turn, causes the splitting and segmentation of an originally broad flow. 

The type of channel direction change also depends on the angle at which the initial channel (in 

this case a filament of the MOW) and the obstructing diapiric ridge intersect. Where the channel 

flow, moving in a direction perpendicular to the extrusive diapiric ridge, meets the diapir 

obstruction, the channel changes direction substantially (Fig 4.20ii) (Scenario 2). Whereas, 

when the channel is moving in the same direction as the elongate obstruction (Fig 4.20ii  

Scenario 1), the channel meets with a shorter end of the diapiric ridge, and spits into two 

filaments but there is very little or no change in direction as the small surface area of the edge 

of the diapir fails to create enough deflection to the channel direction (Fig 4.20ii) (scenario1). 

Knowledge of the diapir type, orientations and internal structure detail can help in 

understanding the channel network and the possible locations of contourite facies. 

 

 Although the large extrusive diapiric ridges create a significant barrier to MOW bottom 

currents, splitting and re-directing the flow, gaps between ridge segments allow the passage of 

currents through the ridge and creation of smaller channel networks. A dynamic balance 

between the breadth and depth of the diapiric ridge, the morphology and elevation of the diapir 

gaps, and Coriolis Force, will determine the exact flow pathway (Fig 4.20ii) Scenario 3. 
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Fig 4. 19 Map of the study area showing the channels and associated diapirs and contourite drifts   
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Fig 4. 20 i) Schematics showing how the intensity of diapirism affects the type of contourite that form. ii) Schematic showing 
how Diapirism affect channels formation and direction 1) channel flowing parallel to diapiric ridge 2 Channel flowing 
perpendicular to diapiric ridge 3) channel flowing through a diapiric ridge with spaces in-between A shows the initial stage 
of the flow each flow and B the final stage.

(i) 

(ii) 
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Diapirism and Contourite Sedimentation  

The location of diapirs both directly and indirectly affects contourite deposition and the 

development of a contourite drift. Firstly, the undulating topographic relief caused by the 

diapirism appears to provide an enabling environment that enhances the formation of contourite 

drifts. Contourite deposition is enhanced mostly adjacent to topographic highs created by 

effects of intrusive and extrusive diapirs, basement highs, and the gradient of the continental 

slope. Secondly, diapirism indirectly influences contourite formation by its effects on channel 

development and location (Fig 4.20). The location and size of the diapir affects the size and 

direction of the associated channel, which in turn determines the distribution, deposition and 

nature of contourites. Where bottom current velocity is decreased, contourite deposition is 

enhanced, and where velocity is increased then non-deposition and erosion may occur. Where 

diapiric structures (or in a few cases, topographic basement highs) re-direct the path of MOW 

flow, contourite channels and contourite patch drifts form (Fig 4.21). 

Additionally, the presence or absence of diapir can affect the type of contourite drift formed at 

any given time. It is possible to get an evolution of drift type both laterally and spatially. In the 

southern part of the study area, diapir ridges (elongate) or dome (rounded) are visible on the 

seafloor and bathymetric map, whereas in the north of the study area the diapirism is mostly 

not evident at the seafloor.  

Where diapirs are widely spaced, the accommodation space is less constrained, and the 

formation of a sheeted drift is more likely. (Fig 4.21 (i). This is typical of the Pliocene GOC 

basin morphology. Prior to the enhanced diapirism that occurred in the Pleistocene, there was 

little constraint in the basin, so a more sheeted drift was developed (Fig. 4.21). Some diapiric 

restriction of morphology in the northern GOC from an early Pleistocene phase of diapiric 

activity is believed to have led to development of extensive mounded drifts (Fig 4.21(ii) & 

4.22). Continued diapirism and diapir reactivation through the late Pleistocene, especially in 

the SE quadrant, led to a more irregular slope morphology with channels, depressions and 

intervening highs. This led to an irregular distribution of smaller patch drifts and erosive 

contourite channels, as well as to drift deformation above and between diapirs (Fig. 4.21(iii) & 

4.22). 

 

 

 



 

 128 

 

Fig 4. 21 i) Seismic line PD00814 showing the Albufeira drift and a large channel (Alvarez Cabral moat). ii) Seismic line PD00835 showing the Faro drift and a large channel (Alvarez Cabral 
moat) iii) Seismic profile PD00-826 showing the Guadalquivir sheet drift and a large channel (Alvarez Cabral moat).

Fig 4.21 (i) 
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 (full caption in page 128) 

Fig 4.21 (ii) 
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(full caption in page 128)

Fig 4.21 (iii) 
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Fig 4. 22 Seismic lines showing the closeness of pockmark to diapir crest  
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Diapirism and Fluid Escape features 

Although, it is possible for fluid escape features, including fluid chimneys, pockmarks and mud 

volcanoes, to form in the absence of diapirs, diapirs usually facilitate their genesis. In the GOC, 

there is widespread occurrence of fluid-escape closely related to diapirism (Medialdea et al., 

2009); (Dıaz-del-Rıo et al., 2003); (Maestro et al., 2003). This is clearly evident (Fig 4.23A), 

which show that most of the fluid-escape features are aligned above or adjacent to NE-SW 

diapiric structures.  

The upward displacement of fluid-rich mud, marl and salt is part of diapiric emplacement 

process. Fluid that escapes from the diapirs forms fluid chimneys in the overlying sediments, 

which may or may not reach the seafloor (Fig 4.23B). The presence of crestal graben faults 

above a diapir can help release trapped fluid and aid the upward movement of these fluids. 

Where fluid reaches the seafloor, the sudden expulsion of gas-rich fluids can lead to seafloor 

collapse and formation of a pockmark, whereas the continued expulsion of liquid fluid drawing 

up sediment with it can lead to the creation of a mud volcano. 

It is worthy of note that there is stronger correlation between the fluid escape features and the 

area underlain by AWC because AWC experiences overpressure and buoyancy of the 

unconsolidated source material (Magara, 1978). Also there is evidence of methane/gas seepage 

(León et al., 2006), rapid sedimentation, and high water content during AWC emplacement. 

The intrusiveness of diapirs (in essence the distance of the crest of the diapir from the seafloor) 

also affects presence of fluid escape features on the seafloor. The closer the diapir crest is to 

the seafloor, the more likely it is for the fluid escape feature to form. 

 

 

Fig 4. 23 Schematics showing the interrelationship and evolution of different morphological features and the evolution of 
contourite drift spatially and laterally.   
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Diapirism and mass wasting  

Many of the mass movement deposits (MTDs) mapped in the Gulf of Cadiz are located around 

the prominent diapirs in the SW quadrant, for example the Lolita diapir (Fig 4.60). The MTDs 

that occur around the Lolita diapir represent the downslope displacement of unstable sediments 

from the crest of the diapir into the surrounding rim syncline. The principal controls on the 

occurrence of MTDs around the diapir include: (1) seismic activity related to tectonism; (2) 

sufficient topographic relief and slope angle to produce slope instability; and the presence of 

sediments susceptible to failure due to fluid seepage (gas or water) from the diapir.  

 

4.4.3 Fluid-Escape Features  

There are three main features observed in the GOC study area that indicate the expulsion of 

fluids – gas, hydrocarbons, water. These include pockmarks, mud volcanoes and fluid-escape 

chimneys. Fluid-escape chimneys are not seafloor morphological features themselves but may 

give rise to either pockmarks or mud volcanoes. 

Pockmark occur where gas-charged fluids are released suddenly at the seafloor leading to 

circular collapse hollows of very variable dimensions. Subsurface gas reservoirs are known 

from the immediate vicinity of the studied area (Baraza et al., 1999, Ercilla, 1996), and 

transparent acoustic anomalies within the seismic profiles are likely to be gas-charged 

sediments. Where the buried hydrocarbons become over-pressured, they more prone to escape 

via zones of weakness (like faults, diapirs, fractures, fluid-escape chimneys). This escape can 

lead to pockmarks at the seafloor. 

Mud volcanoes on the seafloor are small to medium-sized conical features of positive relief. 

They are formed by the prolonged extrusion of sediment onto the seafloor, brought up from 

depth by escaping fluids. The venting of hydrocarbon fluids has been noted in the GOC (Inan 

et al., 1997).  Mud mound is a term used for smaller low-relief mounded features formed from 

venting of water (Somoza et al., 2003). 

Two clusters of mud volcanoes, the GDR field and Tasyo field, have previously been identified 

in the study area (Somoza et al., 2003). The westernmost cluster extends into the Portuguese 

mud volcano field. The conical feature within the Albufeira drift is more like a mud cone rather 

than mud volcano. The reader is referred to (Somoza et al., 2003) for a  more detailed 

description of GOC  mud cones and  mud volcanoes. 

 



 

 134 

Fluid-escape chimneys are recognised in seismic profiles as narrow, vertical chimney-like 

features with an indistinct low-amplitude seismic characteristic. They are referred to as fluid-

escape chimneys because historically they provided evidence of hydrocarbon migration away 

from reservoirs or over pressured compartments (Hunt, 1996); (Parnell, 2002). In the Gulf of 

Cadiz, Medialdea et al., (2009) demonstrated fluid migration and hydrocarbon venting from 

underlying hydrocarbon reservoirs. The hydrocarbon fluids within the AWC area are probably 

from deep-seated thermogenic gas in reservoirs below the AWC (Pinheiro et al 2006). Whereas 

those outside the AWC in the NE quadrant are related to biogenic methane from shallower 

Miocene shale (García Mojonero and Martínez del Olmo, 2001). Observation and measurement 

of these three fluid-escape features in the study area are described below. 

Pockmarks  

A total of 44 individual pockmarks of different sizes were identified and mapped within the 

study area. Their distribution in the Gulf of Cadiz is shown in (Fig 4.24). Of these, 32 were 

mapped with high certainty as seismic lines intersected them, and an additional 12 pockmarks 

were mapped in between the seismic lines based on analysis of profiles extracted from 

bathymetric maps (Appendix.8). 

Despite the fact that the area immediately south of the study area (middle of the accretionary 

wedge) is heavily scoured, large clusters of pockmarks were identified using the same 

bathymetric map profile technique. These clusters in the SE quadrant have not been separately 

counted for this study, as they have already been studied in detail by Ricardo Leon et al (2014). 

Their presence and distribution are noted in appendix 4.3.1 in addition to the map produced 

here provided a better picture of the PM lateral distribution.  

Also, there are large areas, particularly in the NW and SW quadrants, with no pockmarks 

evident (despite the presence of a probable gas source observed). The principal features of the 

pockmarks measured are given in Table 4.3A. Nearly all the mapped pockmarks (42 out of 44) 

are evident as hollows on the seafloor and are herein referred to as recent (Fig 4.27) whereas 2 

of the pockmarks are buried (Fig 4.28) in the subsurface and referred to as paleo-pockmarks 

(Fig 4.24) as they would have been formed when the deeper seismic horizon was the seafloor. 

These paleo-pockmarks are not considered further in this discussion.  

The pockmarks identified in the area appear as sub circular-to-circular depressions in plan view 

but on seismic profiles, they are either symmetric or asymmetric. On seismic profiles, the 
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reflectors indicative of pockmarks are u-shaped or v-shaped depressions. There is no obvious 

area depth relationship (Table 4.3A). 

The majority (80%) of pockmarks are asymmetric in shape, whereas the symmetric ones are 

notably fewer (about 20%). There is no obvious trend in the distribution of symmetric and 

asymmetric forms, however it is important to note that the deepest part of the asymmetric 

pockmarks is consistently towards the west or north west. The pockmarks range in depth from 

0.007-0.008 s TWT (i.e. approximately 6-8 m deep) and in area from 0.047 km2 to 1.86 km2. 

The largest pockmark is a stacked mega-pockmark in the region of the AWC. The area of the 

PM associated with sheeted drift appear to be randomly distributed. On close inspection, there 

are certain observable trends in pockmark size and distribution pattern (Fig 4.24., Table 4.3.).
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Fig 4. 24 Map showing map of the paleo pockmarks(blue) and the recent pockmarks(red). 
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Fig 4. 25 Map showing the pockmark but colour coded base on their associated morphological features. Red-PM around AWC, Yellow- PM around AWC Diapir, blue- PM around AWC mud 
volcanoes, green- PM around  Diapir in the northern part of study area, Purple- PM around sheeted drift.
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There are generally more pockmarks in the south and in the NE quadrant. There also appear to 

be linear strings of pockmarks, aligned in a NE-SW direction, and small clusters with a high 

proportion of pockmarks present. There is a tendency for the pockmarks to decrease in area 

towards the AWC front. In other words, the smallest pockmarks occur above the part where 

the AWC is thinnest and not visible on the seafloor, whereas the larger pockmarks occur 

towards the middle of the ACW. 

70% of the PM’s appear above the area underlain by AWC while 30% of the pockmarks are 

mapped outside the AWC. The pockmarks within the AWC area are prominent either above 

the AWC itself or an AWC induced diapir or mud volcano. (Table 4.3.1, Fig 4.25). The 

pockmarks in the area outside the AWC are mainly related to the diapirs and sheeted contourite 

drift (Fig 4.25). It is important to note that pockmarks prominent within the contourite sheeted 

drift originate from an unconformity above a transparent/chaotic Cenozoic seismic unit. There 

is a relatively higher quantity of stacked pockmarks observed across the area, compared to 

single pockmarks. 

The shapes of the polygons around the pockmarks were manually drawn and irregular, so that 

an ARCGIS analytical tool is used to extrapolate the pockmark polygon automatically onto a 

minimum bounding surface (in this case a circle) and a new map created (Appendix). The area 

for the actual pockmarks and the area of their circular minimum bounding surfaces are unequal; 

in fact, the latter is higher for all pockmarks  

The Pockmarks in the AWC or AWC diapirs are not associated with fluid-escape chimneys or 

pipes, but those outside the AWC are generally associated with underlying pipes. 

PM Area Type Certainty Depth(s) Location Symmetry Shape_Area 

1 0.885185 Recent High 0.02 AWC Diapir Asymmetric 1.4882451 

2 0.05883 Recent High 0.008 AWC Diapir Symmetric 0.11211964 

3 0.23886 Recent High 0.025 Sheeted drift Asymmetric 0.40987769 

4 0.447394 Recent High 0.04 Sheeted drift Asymmetric 0.67349928 

5 0.470754 Recent High 0.009 N-Diapir Symmetric 0.59965601 

6 1.501499 Recent High 0.04 AWC Diapir Asymmetric 2.04709396 

7 0.428796 Recent High 0.013 Sheeted drift Asymmetric 0.58851278 

8 0.229347 Paleo High 0.008 N-Diapir Asymmetric 0.39201292 

9 0.517772 Recent High 0.029 Sheeted drift Symmetric 0.69970375 

10 0.770237 Recent Low 0 AWC MV Asymmetric 1.10642428 

11 0.496026 Recent Low 0 AWC Diapir Asymmetric 0.99981098 
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12 0.468985 Recent Low 0 AWC Diapir Asymmetric 0.78935834 

13 1.858035 Recent High 0.049 AWC Diapir Asymmetric 2.73769379 

14 0.842192 Recent Low 0 AWC Diapir Asymmetric 1.0591602 

15 0.367027 Recent Low 0 AWC Asymmetric 0.44698102 

16 0.515532 Recent Low 0 AWC Diapir Asymmetric 0.89357031 

17 0.645392 Recent Low 0 AWC Diapir Asymmetric 0.80360891 

18 1.544661 Recent High 0.023 AWC Asymmetric 2.2875392 

19 0.278633 Recent High 0.027 AWC MV Symmetric 0.37723919 

20 0.176205 Recent High 0.019 AWC Asymmetric 0.29745468 

21 0.899669 Recent Low 0 AWC Diapir Asymmetric 1.770576 

22 0.516284 Recent Low 0 AWC Diapir Asymmetric 0.78554454 

23 0.799721 Recent High 0.04 AWC Diapir Asymmetric 1.05819341 

24 0.652779 Recent High 0.025 AWC Diapir Asymmetric 0.91377302 

25 0.254277 Recent High 0.016 Sheeted drift Asymmetric 0.32135125 

26 0.046833 Recent High 0.049 Sheeted drift Asymmetric 0.07143358 

27 0.069659 Recent High 0.042 Sheeted drift Symmetric 0.09160692 

28 0.305901 Recent High 0.036 AWC Asymmetric 0.43384538 

29 0.128835 Recent High 0.026 AWC Asymmetric 0.17774415 

30 0.113984 Recent High 0.027 AWC Asymmetric 0.15347782 

31 0.400339 Recent Low 0 AWC Diapir Asymmetric 0.67811082 

32 0.601118 Paleo High 0.007 Sheeted drift Asymmetric 0.82192924 

33 0.175886 Recent Low 0 AWC Asymmetric 0.28595168 

34 0.153993 Recent High 0.033 AWC Asymmetric 0.25430954 

35 0.295405 Recent High 0.046 AWC Asymmetric 0.39783331 

36 0.157122 Recent High 0.016 AWC Symmetric 0.2343532 

37 0.09898 Recent High 0.02 AWC Symmetric 0.12788768 

38 0.193605 Recent Low 0 AWC Symmetric 0.28645371 

39 0.1636 Recent High 0.08 Sheeted drift Asymmetric 0.24411791 

40 0.061298 Recent High 0.04 Sheeted drift Symmetric 0.09745875 

41 0.168933 Recent High 0.015 Sheeted drift Asymmetric 0.32700643 

42 0.841513 Recent High 0.04 AWC Asymmetric 1.30456936 

43 0.314638 Recent High 0.04 AWC Asymmetric 0.48528036 

44 0.370811 Recent High 0.035 AWC Asymmetric 0.76357584 

 

Table 4. 3 A Summary table of the Gulf of Cadiz pockmarks characterisation. 
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Fig 4. 26 Seismic profile PD00-712 Showing the stacked pockmark above an accretionary wedge related diapir. 
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Fig 4. 27 Seismic profile PD00837 showing an example of older pockmark underneath the recent pockmarks  
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Fig 4. 28 Seismic profile PD00836 showing a buried pockmark and associated diapir located in the north-eastern section of 
the study area  

 

PM 
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Fig 4. 29 Seismic profile PD00836 showing a pockmark visible on the seafloor and associated with extensional Northern 
diapir. 
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Mud Volcanoes 

Approximately 23 mud volcanoes are identified in the study area and one mud mound (Fig 

4.30A & B). The majority of these are within the SE quadrant underlain by the AWC and only 

one is located in the NW quadrant. On the bathymetric map, the mud volcanoes appear as 

circular and sub-circular low-relief cones. Of these, 7 mud volcanoes are characterised with 

high certainty because they were identified on the both the bathymetric map and seismic 

profiles. (Fig 4.30A). The remaining 18 are identified with a lower degree of certainty because 

they were not intersected by any seismic line and were interpreted from bathymetry and the 

use of an interpolated profile graph in ARC GIS (Appendix B.7). One of the circular craters 

identified close to canyon sector is a mud mound. The mud volcano polygon area ranges size 

from a minimum of 0.0056 km2 to a maximum of 2.5 km2. (Appendix 26).  

Further details of these and other mud volcanoes and mounds mapped in both the study area 

and further south in the GOC can be found in (Somoza et al., 2003). The mud volcanoes appear 

to occur in two major clusters towards the central region of the AWC, and with no mud 

volcanoes evident along the AWC front (Fig 4.30A). The first cluster of mud volcanoes is 

located northwest of the Guadalquivir diapiric ridge. The second cluster of mud volcanoes to 

the north west of the Cadiz channels is above the central part of the AWC in an area with 

extensive diapirs. The single largest mud volcano is isolated to the west of this cluster. There 

is no obvious trend in the distribution of mud volcanoes, although locally some occur along the 

length of the diapir ridges or ridge segments. aligned in an ENE –WSW direction, which is 

similar to the direction of the diapirs, the accretionary wedge. An example of a diapir-related 

mud volcano is presented in (Fig 4.31). 
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Fig 4. 30 A). Map showing mud volcano distribution. Red polygons represent the mud volcanoes not intersected by any 
seismic lines and the green polygon the Mud volcanoes intersected and calibrated by a seismic line B) Map showing the 
minimum bounding geometry of the GOC mud volcano distribution. Red elliptical–cluster1. Blue elliptical -cluster 2  
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Fig 4. 31 Seismic profile PD00827 showing the mud volcanoes rooted in the Accretionary wedge complex 
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4.4.4 Fluid-Escape Chimneys 

The morphological features described above (pockmarks and mud volcanoes) all result from 

fluid escape at the seafloor. It is therefore interesting to observe features within the seismic 

profiles that demonstrate this upward movement of fluids through the sedimentary succession. 

Indeed, there are many vertical and sub-vertical ‘pipe-like’ features with transparent, low 

amplitude acoustic character throughout the study area, but more especially in the SE and NE 

quadrants. The black diamond shapes on the map in (Fig 4.32B) indicate the areas where they 

are most common. This is not a precise representation of the exact number identified. These 

are interpreted as the result of fluid escape pathways and are hence known as fluid-escape 

chimneys. 

These fluid-escape chimneys vary in length from < 100 ms to > 800 ms TWTT and are narrow 

compared to their length. Where measured, the width (or diameter) of chimneys, as indicated 

by the low-amplitude acoustic character, is generally < 100 m. However, there may be many 

more examples below the resolution of this dataset. The chimneys originate from different 

stratigraphic horizons. They are closely linked to faults throughout the area and are observed 

below most of the identified mud volcanoes and pockmarks. However, as with the faults, not 

all fluid chimneys extend to the seafloor or have a strong enough pressure to carry the fluids to 

the seafloor in order to create a pockmark or mud volcano. Therefore, there are many-escape 

buried fluid chimneys noted. 

According to (Niemann et al., 2006) the fluid-escape chimneys within the AWC region are 

conduits for methane-rich fluids. 

Principal Control on the Fluid –Escape Features 

The fundamental control on the origin of all these features (i.e. pockmarks, mud volcanoes and 

fluid-escape chimneys) is the rapid upward escape of fluids through the sediment column and, 

in the case of pockmarks and mud volcanoes, the release of these fluids at the seafloor.  

Whereas the circulation of fluids within the sediment column and slow, dispersed, dewatering 

at the seafloor is the necessary corollary of sediment compaction everywhere, the features 

discussed here require the more focussed and rapid escape of fluids. 

There is ample evidence for focussed fluid pathways through the sediment, in the fluid-escape 

chimneys observed. In many cases, there is a vertical stacking of successive pockmarks through 

the sediment column, indicating the prolonged, semi-continuous escape of fluids. Equally, 

there have been many observations of streams of gas bubbles through the water column in the 
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GOC. The abundance of iron-rich carbonate chimneys and encrustations across much of the 

GOC seafloor, especially surrounding extrusive diapirs and mud volcanoes, is further evidence 

of fluid escape. The principal controls on the rapid escape of fluids are: 

 

 

Fig 4. 32 A) Map showing the areas with fluid chimneys identified in the area. B) Map of the study area showing the close 
relationship between the mud volcanoes and the fluid chimneys in the different sectors
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Fig 4. 33 A) Isopach map showing the seabed to Base Quaternary. Colour scale -shows  approximate thickness in meters B) Map of pockmarks ; yellow polygon = area with pockmarks around  
Bartolomeu Bank, pink polygon= pockmark around Guadalquivir Bank, and red polygon pockmark clusters and alignment within the AWC, black dotted line =margin of AWC. The legend shows 
the features underlying each pockmark. 
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1. The presence of fluid-charged sediment, charged from the generation and release of 

thermogenic and biogenic gas, the generation and expulsion of liquid hydrocarbon, and pore 

waters. 

2. Over pressured sediments at depth in which fluids are trapped and contained by a suitable 

seal. The interbedding of sand-rich and mud-rich layers may also be important for facilitating 

the lateral flux of fluids. 

3. The presence of an easy conduit for fluid release, such as a fault, fracture older chimney (and 

in some cases), especially those generated around the edge and crest of diapirs. 

4. Breaching of the seal as a result of a seismic tremor, faulting or pressure build-up to exceed 

the overburden pressure.  

5. The change in burial depth of fluid-charged sediments as a result of diapiric intrusion and/or 

other tectonic effects. 

 

There is evidence that most of these factors may have played a role in fluid escape within the 

GOC. An isopach map of the study area shows that the regions with a greater density of 

pockmarks coincide with a thinner sedimentary sequence (Fig 4.33. This relationship has also 

been proposed by (Long and Chien, 1986) and (Hovland et al., 1984). Furthermore, Longstone 

(1986) suggested that smaller and more numerous pockmarks occur within a sandy mud 

seafloor sediment, whereas larger pockmarks (>100metere diameter) occur with lower density 

in muddier sediment. The link between sediment grain size at the surface and the interbedding 

within the sediment column needs further investigation. 

Effects of Fluid –Escape on Seafloor Morphology  

Pockmarks and Channels 

The size and shape of the pockmarks at the seafloor is affected by a variety of external local 

forces (Judd, 2001). In the study area, it is obvious that pockmarks in the channel sector of the 

seafloor are subjected to a strong and relatively high velocity (up to 1 ms-1) bottom currents as 

part of the general MOW flow towards the west and northwest. Continuous and high-velocity 

bottom currents are capable of eroding the seafloor. Where they interact with pockmarks, the 

flow perturbations can serve to further erode and elongate the hollows. Small pockmarks will 

be enlarged and merge into larger pockmarks. Where the pockmarks are closely spaced and 

aligned parallel to a fault or diapiric ridge, then coalescence of several together may eventually 

lead to the development of a channel (Fig. 4.34.). This mode of channel development has been 

suggested previously for some downslope channels (León et al., 2014). 
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Fig 4. 34 The schematics showing the stages of development of a drainage feature from a PM. Blue arrows shows the 
direction of MOW /contourite channels. 

Some of the seismic profiles in the North western part (Canyon sector) of the GOC shows 

evidence of fluid escape (fluid chimney). And the earthquake clusters (Fig 3.2.) reported in the 

area should be an obvious trigger of PM’s. The absence of mapped pockmark in the NW area, 

therefore, does not necessarily equate to a lack of escaping fluid, but may be caused by rapid 

erosion of the seabed during canyon development. 

Pockmarks and Contourite Deposition  

As described above, high-velocity bottom currents may erode and enlarge pockmarks until they 

coalesce to form a channel. Such contourite channels are then the focus for enhanced bottom-

current flow, for further erosion and hiatus development, and for the deposition of sand and 

even gravel-rich contourites. Adjacent to the channels, or within lower velocity strands of broad 

channels, muddy contourites may be deposited, forming patch drifts and levee drifts. Where 

the bottom current velocity is much lower, then the pockmarks may be progressively filled as 

they form by deposition of muddy contourites. 

As noted, most of the pockmarks observed have an asymmetric profile, deeper at one end and 

shallower at the other. This asymmetry may be due either to enhanced erosion or to partial 

deposition within an originally symmetrical pockmark. 
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In addition to pockmark distribution affecting contourite sedimentation, it is possible that the 

typical intercalation of sandy and muddy contourites as bi-gradational contourite cycles within 

a drift succession (Faugéres, 2011), is favourable for the development of pockmarks in the first 

place. This potential for a causal link needs further study. 

 

Pockmarks and the AWC  

The AWC is a fluid-charged sediment body with a large number of faults, folds, and diapiric 

intrusions. These factors make the AWC prone to fluid-escape and pockmark development. 

Within the AWC, pockmark size increases away from the AWC front and towards the middle 

of the AWC (Fig 4.32). There are three possible scenarios to explain pockmark size and 

distribution. 

First scenario: The rate of fluid flux rate is determined by the thickness of the overburden 

sediment. The AWC sedimentary cover is thinner towards its edges (i.e. the AWC front), which 

results in less overburden pressure and smaller pockmarks. The middle part of the wedge, on 

the other hand, has a thicker sedimentary cover, which leads to greater overpressure within the 

AWC and development of larger pockmarks. (Fig 4.33A.) shows a schematic example of how 

smaller pockmarks form above the area with thinner sedimentary cover and vice versa. 

Second Scenario: The size of the pockmarks is determined by their relative enlargement by 

bottom currents related to the MOW. The pockmarks closer to the source of MOW, the 

Gibraltar Gateway, will experience more erosion and become larger than the pockmarks that 

are farther away, such as those around the AWC front. 

Third Scenario: Both the overburden pressure and the relative degree of tectonic activity are 

greater toward the centre of the AWC than towards the front. These factors cause increased 

diapirism, faulting and fluid migration and, as a consequence, larger pockmarks in the middle 

as opposed to the front. (Fig 4.36) 
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Fig 4. 35 Map of the study area showing the slope gradient of all sectors. Legend shows a range of slope values in degrees Sector3( canyon  sector )showed the  highest gradient values 
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Fig 4. 36 Schematics showing how the size of the pockmark changes across the accretionary wedge complex. X is the sketch 

of the plan view of the area above AWC. Y is the sketch of the profile across A-B showing decreasing PM (1 ,2 &3). 

Pockmarks, Mud Volcanoes and Diapirs 

The majority of both pockmarks and mud volcanoes observed are either directly or indirectly 

related to diapirism, in that they occur in close association with diapirs and diapiric ridges. In 

many cases, the pockmarks are preferentially located above the crest of the diapir or ridge.(Fig 

4.37) There are several reasons for this causal link: (a) the natural overpressure that is part of 

diapiric intrusion; (b) the deformation and weakening of the crestal sediments (faults, folds); 

and (c) the elevation of diapiric and associated fluids to a higher level in the sediment column 

closer to the seafloor. Mud volcanoes are typically linked with the presence of faults above 

diapir crests. 

The relatively high level of the crest of the diapir-related anticline, elevated above the 

surrounding seafloor, may make the associated pockmarks less prone to sediment fill than those 

which form elsewhere, for example around the diapiric flanks. The mud volcanoes may be 

preserved rather than rapidly buried by contourite sedimentation, although many of these are 

seen to be partially surrounded by sub-circular erosive moats and associated scarps. 
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Fig 4. 37 Seismic profile P74-3 showing a couple of mud volcanoes and associated faults and fluid chimney  

Furthermore, a number of pockmarks and mud volcanoes within the SE and NE quadrants and 

form above extrusive or highly intrusive diapiric ridges and therefore occur in distinct, 

generally NE-SW, elongate trends. In the SW quadrant, by contrast there are fewer diapirs, less 

compressional tectonic stress (Somoza and Ghidella, 2012); (León et al., 2014), and therefore 

many fewer pockmarks and no discernible mud volcanoes (Fig 4.38). 

Fluid-escape chimneys are generally closely associated with pockmarks and mud volcanoes.

 Mud volcanoe  
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Fig 4. 38 Map showing the mud volcanoes (colour coded based on the associated features) and the diapirs. 
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4.4.5 Alongslope Channels 

Introduction 

Channels are ubiquitous morphological features on the seafloor, especially along and across 

continental margins, but also on the deep ocean floor. They are mainly erosional features, 

caused by the erosive action of currents acting at the seafloor. They can also grow and develop 

as the result of channel margin (levee) deposition. Downslope channels formed and/or utilised 

by turbidity currents have been the topic of wide-ranging research over many decades (e.g. 

Shepard 19XX; Stow 1992; Shanmugam 1998; Pickering and Clarke 200X; Pickering and 

Hiscott 2016; Micallef 2017). These occur principally in the NW quadrant of the study area 

and are discussed in the next section (Section 4.7). Alongslope channels are mostly formed and 

followed by bottom (or contour) currents that flow parallel to the slope contours. These have 

more recently been recognised as such and so have been relatively less studied (e.g. (Stow et 

al., 2013) and (Esentia et al., 2018). In some cases, turbidity current channels may also turn 

from downslope to alongslope at the foot of the continental margin and/or act as a link between 

abyssal plain basins. Alongslope channels are the topic of this section. 

Channel Types and Distribution 

Alongslope channels in the study area mainly occur along the middle slope and are one of the 

most prominent morphological features in this region. Most of the channels mapped occur in 

the NE and SE quadrants at water depths of 500-1500 m. Although there are no specific seismic 

profiles shot down the length of the channels, there are sufficient cross-channel profiles, as 

well as detailed bathymetry mapping, in order to allow for their careful morphological analysis 

and to show variation in geometry, dimensions, and symmetry of the channels (Appendix B.6). 

Their width ranges from 1-10 km, depth from 8-340 m and length from 1-100 km. They can 

loosely be divided into two types on the basis of channel length: (a) small channels, < 25 km 

long, and (b) large channels, > 25 km long. The 9 principal large channels and a selection of 

10 of the small channels are documented in (Table 4.4) and shown on (Fig 4.39). These 

channels are broadly oriented alongslope, but do vary significantly in their local orientation, 

especially where they encounter topographic obstacles. Many of them, therefore, have parts 

that have no or very little along-channel gradient, and parts that have a small but marked 

downslope gradient. Overall, some of the principal large channels (e.g. L1, Cadiz Channel) 

have an irregular but average downslope component. For L1, this amounts to approximately 

500 m in 100 km, i.e. 1:200 average gradient. 



 

 158 

Small Channels  

A network of over 50 small channels (range in length between 3.5 and 22km, width 0.7 and 

2.1 km, and depth 11-160m) are closely interwoven in space with the large channels (Fig4.39). 

Ten of these were selected at random and studied in detail (Fig 4.4). The small channels in the 

middle slope trend in three main directions (NE-SW, SE-NW and E-W). One cross profile for 

each of the 10 selected small channels was analysed (Appendix x). It should be noted that the 

small channels that are adjacent to diapirs are relatively narrower than the channels not 

associated with any seafloor feature (i.e. the isolated furrows). The small channels shown are 

generally U-shaped and V-shaped with varying asymmetry and depth.  

Large Channels  

Those channels with lengths of over 25 km and minimum width of 1.5km are referred to as 

large channels. For any one of these channels, the width varies between 1.5km and 8.5km at 

different points along the length. Nine gently sinuous large channels were mapped within the 

study area and analysed in detail Appendix 4.4B.4 to 4.4B.1. These are labelled L1-L9 in Figure 

4.39. In parts, some of these channels have an irregular downslope gradient, although 

remaining generally within the mid-slope sector. 

L1 (also known as the Cadiz Channel) is the largest and longest channel with a length of 

approximately 119 km and a width of 1.62-7.2 km. This channel for the most part is associated 

with both extrusive and intrusive diapirs. It has been traced from beyond the coverage of 

seismic lines in the SE quadrant, using bathymetry, to the SW quadrant where it ends adjacent 

to a large intraslope basin. The channel changes direction a few times (E-W, SE-NW, NE-SW, 

SE-NW) and in plan view has a gentle S-shape. (Fig 4.39). The roughness and dimensions of 

seafloor also vary with changing channel direction (AppendixB.1). At its most eastern 

extremity, the channel is narrowest and shallowest, and appears to be derived from the NW end 

of the Cadiz Sand Sheet (or Terrace) (Table 4.4.). The width and depth increase towards the 

mid-reaches of the channel. The central stretch of the L1 (the NE-SW trending part) is the 

widest and deepest with a very rough channel floor (Fig 4.41). This part of the channel has a 

steeper northern flank, adjacent to an extrusive diapiric ridge, and a gentler southern flank. 

Towards the west, the channel changes direction to SE-NW, the floor becomes smoother, both 

northern and southern flank steeper and the width and depth are reduced (~2.5km and ~100m 

respectively). 
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Fig 4. 39 A) Bathymetric map showing the location and network of the Large channels and small channels identified on the 
upper slope and the middle slope. DS – Downslope trending at the upper slope area. L-large channels in the middle slope, S 
small channels at the middle slope. Colours from red (shallow water ) to blue (deepwater).  B) Map of the channels (same as 
in A) but superimposed over bathymetric map (computed using landform 12c visualisation). 
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Channel No  Channel Type  Length (Km) Width Range (km) Depth  Range(m) 
 

Slope Orientation  Location  

L1 Channel  119 1.65-7.2 84-220 E-W,ESE-WNW,NE-SW,SE-NW Middle slope  

L2 Marginal Valley  69 1.25-2.35 7-180 NE-SW,SE-NW Middle slope  

L3 Channel   80 2.4-7.5 34-680 ESE-WNW,E-W,NE-SW,SE-NW Middle slope  

L4 Channel  92 2.35-5.0 73-198 E-W,SE-NW,ESE-WNW,SE-NW Middle slope  

L5 Moat  118 4.8-7.8 20-430 E-W,ENE-WSW,E-W Upper -Mid slope Boundary  

L6 Channel  29 1.3-2.7 9-125 SSE-NNW,NE-SW,SE-NW,NE-SW Middle slope  

L7 Marginal Valley  47 1.7-2.5 27-145 NE-SW,E-W Middle slope  

L8 Isolated Furrows  58 1.9-2.4 24-95 ENE-WSW,NNE,SSW Middle slope  

L9 Channel  80 3.7-5.0 20-70 SE-NW,ESE-WNW Middle slope  

S1 Marginal Valley  11.7 2.188 122 NNE-SSW Middle slope  

S2 Channel 3.5 0.746 160 NE-SW Middle slope  

S3 Moat  9.8 1.357 95 NE-SW Middle slope  

S4 Marginal Valley  6.53 0.899 11 ENE-WSW Middle slope  

S5 Marginal Valley  7.8 0.86 71 ENE-WSW Middle slope  

S6 Marginal valley  7.8 1.806 152 NE-SW Middle slope  

S7 Marginal Valley  6.17 1.267 33 NE-SW Middle slope  

S8 Marginal Valley  8.93 1.424 128 NE-SW Middle slope  

S9 Isolated Furrow 14.9 1.15 26 ENE-WSW Middle slope  

S10 Isolated Furrow 22 1.7 85 NE-SW Middle slope  

DS1 Channel  11 1.4-2.6 17-56 N-S Upper Slope  

DS2 Channel  13 1.8-4.5 39-85 N-S Upper Slope  

DS3 Channel  16 2.2-4.0 88-122 N-S Upper Slope  

DS4 Channel  19 3.7-4.3 180-320 NNE-SSW Upper Slope  

DS5 Channel  8 2.2-3.1 17-33 N-S Upper Slope  

DS6 Channel  3.5 1.91-1.94 37-64 N-S Upper Slope  

Table 4. 4 Dimensions of the some of the channels mapped in the Gulf of Cadiz
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Fig 4. 40 Bathymetric map showing the channels on the middle slope and diapirs. 
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Fig 4. 41 i) Bathymetric map showing the plan view of diapir and channel ii) a sketch of diapir and channel iii) Seismic profiles B (PD00825) showing highly  intrusive diapir &channel shown in 
and ii above iv)seismic profile A(PD00831)showing highly  extrusive diapir &channel shown in i and ii above.

i ii 

iii iv 
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L2 is approximately 69 km long, and 1.25-3.25 km wide. The channel trends at first in a NE-

SW direction and then changes to a SE-NW direction. In the eastern part, L2 has two branches 

separated by an extrusive diapir/ridge. Where this diapiric ridge ceases to affect the seafloor 

topography, the flow from both channel segments merges into one broad channel. The middle 

part of the channel is bordered to the south by diapirs (DE1 and DE2, Fig 4.18ii). The channel 

flow continues further downslope where it changes from NE–SW direction to W and then ESE-

WNW and is flanked by extrusive diapirs (DE4) to its north and an intrusive diapiric ridge 

(DI1) to its south. In the western part of the L2, the channel becomes more asymmetric and 

narrower (Appendix 4.4.B.6). 

L3 is about 80km long with varying width along its length. Here the channel changes direction 

from ESE-WNW, E-W, NE-SW, SE-NW. The channel starts off as two smaller channels that 

manoeuvre through the spaces in between the Guadalquivir ridge, Donana ridge and the 

depression formed by a couple of large intrusive diapirs. Both channels L3a and L3b are 

narrower and trend in SE-NW to ESE-WNW direction until they encounter the Guadalquivir 

bank (GB). The presence of GB causes both L3A and L3B to coalesce and veer towards the 

NE-SW and then NW-SE. The characteristic of the channel after the merger point to the end 

of the second half of the channel is different. (Appendix 4.4.B.1). The part of channel, which 

flows via the escarpment south of Guadalquivir bank (GB), is more asymmetric and rougher. 

The northern flank is steep and the southern flank gentle, as the width increases where the GB 

is absent and so the channel is less confined. 

L4 (also known as Diego Cao Channel) is a slightly sinuous channel, approximately 92 km 

long, which has its origins at the NW end of the Cadiz Sand Sheet. The channel trends from E-

W to SE-NW, ESE-WNW and finally SE-NW. The channel width is narrowest at the point 

where the channel intersects the diapir but, in general, the southern half of the channel is 

relatively narrower than the northern half (Fig 4.39). The channel is asymmetric with relatively 

smooth flanks. The NE flank is steeper than the SW flank. At its start, the channel has a low 

relief and only slightly asymmetric V-shape. Toward the middle reaches, the shape of the 

channel flanks is more irregular and step-like, with flat and/or V-shaped channel floor. Towards 

the northern end of the channel, the asymmetry is more marked, with a steep eastern flank and 

gentle western flank. The channel floor is relatively smooth with the exception of a point in the 

middle where the floor appears disturbed because of recent faulting and sliding of sediments 

into the channel axis. 
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L5 (also known as Alvarez Cabral Channel) runs along the upper slope to middle slope 

boundary towards the northern part of the study area, trending E-W to ESE-WSW (Fig 4.39). 

It is approximately 110km long and 3.5-7.8 km wide. The width is larger in the east, narrow in 

the middle and increases in the west. (Fig 4.42). L5 is markedly asymmetric, as the northern 

flank of the channel is relatively steeper (~5.70) against the Algarve continental margin upper 

slope and the southern flank is gentler (3.00) against the Faro-Cadiz and Albufeira elongated 

mounded and separated drifts. The channel floor is relatively smooth throughout its length but 

the shape of the channel changes slightly from U-shaped in the east to flat floor in the middle 

and V-shaped floor towards the west. (Fig 4.42) (Appendix 4.4.B.9)
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Fig 4. 42 A cross section of 3 seismic profiles showing the lateral evolution of a large channel L5, also known as Alvarez Cabral Moat  
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Channels L6, L7 and L8 are all similar, slightly sinuous channels between 29 km and 58 km in 

length. Their widths range from 1.3-2.7 km, 1.7-2.5 km and 1.9-2.4 km, respectively, and 

depths from 24-95 m. Channel L8 is also known as the Gil Eanes Furrow, and veers off more 

or less at right angles from the Cadiz Terrace with a consistent downslope trend. It has been 

considered a spill over channels from the Cadiz sand Sheet and adjacent levee. 

L9 is a less distinct channel than the others, which runs along the length of the Cadiz Terrace 

at its SW margin. It is not crossed by any of the seismic lines used for this study, and so is 

described solely on the basis of the bathymetry. It flows in the SE-NW, ESE-NNW direction. 

The part mapped is about 80 km long, 3.7-5.0 km wide and 20-70 m deep, although it does 

extend further to the SE out of the study area.  

Channel Cross Section and Asymmetry  

Channel L1 is mainly asymmetric but varies in cross-sectional profile along its length 

(Fig.4.43). Cross sections L1A and L1E show moderate entrenchment, a smooth channel floor 

and an open U-shape, in a relatively low/no gradient part of the channel trending SE-NW (along 

slope) (Fig 4.43). For L1A and L1E, both margins are flanked by confinement features (i.e. 

diapir ridges), and the width to depth ratios are 50:1 and 20:1 respectively. In the middle (NE-

SW trending) part of the channel, with a greater downslope gradient, cross section L1C shows 

a very different channel morphology – the channel is only slightly entrenched, wide, shallow 

and has a width to depth ratio > 40:1, with a rough channel floor. 

Channels L2, L3, L4 and L5 are all quite similar in shape (Fig. 4.39). They are relatively narrow 

and deep with a smooth channel floor and smooth flanks. Generally, the width to depth ratio is 

> 12:1, expect for the westernmost, downstream parts where the channel broadens out and the 

width to depth ration is > 40:1. 
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Fig 4. 43 Cross profile showing the lateral morphological changes within channel L1 (also known as Cadiz channel) 

 

It is clear that the channel asymmetry gives an indication of area within the channel that 

experiences the higher flow velocity and the areas in which erosion and deposition will be 

concentrated (Fig 4.44.). For instance, in L3 the channel width to depth ratio changes with 

channel direction and mean channel velocity changes. However, the asymmetry is similar. 

Since the northern flank is steeper than the southern flank, this suggests that the higher velocity 

is towards the northern flank. Consequently, there will be more erosion towards the northern 

flank and deposition towards the southern flank. This is confirmed by the presence of a 

contourite drifts to the south of the channel (Fig 4.20). 

 

L1A 

L1C 

L1E 
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Fig 4. 44 Cross profile showing the lateral morphological changes within channel L2. B) schematics showing how the erosion 

and deposition affects channel symmetry and how velocity of flow differs within a channel. 

Note that the width to depth ratio is greatest at the downstream end of all the large channels. 

This is to be expected because generally towards the lower cause of the channel the velocity 

slows down and there is more deposition, resulting in the formation of a shallow and wider 

channel. In addition, the end of most of the channels there is little or no confinement to flow, 

leading to lower flow velocity, less erosion and more deposition. The channel boundary shear 

stress changes and so does the channel bank stability. 

Controls on Channel Development  

The alongslope channels described above are all considered to act as present day conduits for 

the passage of bottom currents associated with the Mediterranean Outflow Water and its 

various strands. They are also thought to have been formed and maintained by bottom currents 

and, as such, are true contourite channels. The principal control on their development, 

therefore, the action of bottom currents. This interpretation is supported by: 

• Multiple observations of MOW bottom currents flowing through the channels and 

across the whole mid-slope region. Measurements of along-channel flow velocity of 

0.5-1.1 ms-1.   

A B 

L3A 
L3C L3E 
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• The general alongslope orientation of most of the channels, although with a sinuosity 

such that some segments flow downslope in places. 

• The presence of sediment waves and other flow-generated bedforms observed in some 

of the channels – e.g. Cadiz Channel (Stow et al., 2013). 

The second main control on channel development is the presence of a field of diapirs and 

diapiric ridges that intersect with the tabular flow of MOW, which is directed across the Cadiz 

Terrace towards the NW (Fig4.45). Much of this diapirism has caused significant seafloor 

relief, which causes deflection and funnelling of the MOW, leading to flow constriction and 

enhancement of several different current cores. This, in turn, is believed to have caused the 

channel erosion. The types of diapir and their location relative to flow have a significant effect 

on channel characteristics (Fig.4.41, fig 4.46)). 

The network of smaller channels and channel segments is less clearly understood. Flow spill 

over from the larger channels, together with further interaction of flows with topographic 

obstacles, appear to be the most likely controls. It is also possible that the downslope gradient 

of some channels (large and small) has an added effect on channel development. An original 

downslope origin for some channels cannot be excluded (e.g. channel L2), although this seems 

unlikely as there is no obvious connection, present-day or buried, to the upper slope or shelf 

region. Many of the middle slope marginal valleys are downslope trending channels, but this 

is most likely because they mirror the trend of the prominent AWC related NE-SW diapirs (fig 

4.45). 
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Fig 4. 45 Map showing the different channels superimposed on the map of diapirs  

 

Fig 4. 46 Schematic showing how the type of diapir and affects the orientation of the channel. Blue polygon – elongated 

diapiric ridge, Yellow polygon represents series of aligned diapirs. Green arrow – the Mediterranean outflow water, red 

arrows -MOW direction controlled by Coriolis force, purple arrow-flow in channel (marginal valley) controlled by presence 

and extent of diapiric ridge. Black arrow- flow from another part of MOW or as part downslope flow derived from the rivers 

on the continental margin. 
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Interaction Between Channels and other Morphological Features   

The alongslope channels observed within the study area interact with or are affected by the 

general morphology of the seafloor and with seafloor morphological features. As noted above, 

the principal interaction is between channels and diapirs, and it is the location and nature of 

diapirism that controls channel development and shape in most of the mid-slope region. In 

other cases, it is basement highs, such as the Guadalquivir Bank, which affects channel 

location. In the northern sector, by contrast, channel L5 is formed along the base of the Upper 

Slope off the Iberian margin. It is believed to result from intensification of MOW flow as it 

was constrained against the steep upper slope and forced to deviate towards the west. The 

morphological effects on some of the principal channel characteristics are discussed briefly 

below.  

Channel Location  

The presence of diapirs, diapir ridges and other morphological highs affects the location of 

channels. The flexural depressions around the base of diapirs and diapir ridges are a natural 

low for bottom current entrapment and erosion. The alignment of major faults affects diapirism 

and fluid escape. Elongate trains of pockmarks might be a further cause of channel erosion and 

development. The breaching of channel margins can lead to small spill over channels and 

furrows. 

The presence of faults in the area also affects some of the channel direction and channel cross-

section profiles. Where the fault creates faults scarps with sufficient relief, these can become a 

new preferred flow pathway. Examples of this can be seen in the central part of channel L4 

where the presence of large fault provoked a slight change in direction to ESE-WNW. In 

addition, sediment that slumped off the channel bank as a result of faulting may explain the 

ruggedness of the channel floor along the fault bounded part of channel L2 fig 4. 

Channel Orientation  

The effects of diapirs on channel orientation are obvious on the bathymetric map. When an 

alongslope channel encounters a continuous extrusive diapir aligned perpendicular to its 

direction, the ridge becomes an obstacle to the flow and its flanks create a new preferred path. 

This ultimately causes an obvious change in the direction of flow from a SE-NW direction to 

a NE-SW direction (similar to the orientation of the diapirs ridges) (fig 4.46). A single channel 

may split into branches as the flow passes into relative lows between extrusive diapiric ridges. 

The flow also splits where it encounters a diapiric ridge/obstacle that is aligned in the same 
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direction, so that the flow passes along both flanks in two narrower, parallel channels around 

the diapir. And the end of such a ridge both channels merge once more (e.g. channel L2). Fig 

4.18 ii 

Channel Shape  

The width to depth ratio of channels appears to be affected by their relative degree of constraint. 

Where unconstrained, especially in the proximal and distal parts of most of the channels, the 

width/depth ratio is greater. Where constrained against a diapiric ridge or scarp, the width/depth 

ratio is less. This latter case is typical of many downslope segments of channels in their middle 

reaches. Channel shape is also affected by: (a) an increase in flow intensity when two channels 

merge; (b) an increase in slope gradient as channels change from along-slope to downslope 

orientation; (c) an increase in flow velocity and intensity where constrained by a steep slope; 

and (d) by the sudden influx of sediment into the channel by bank erosion and slumping.(fig 

4.47) 

Around the central part of the channel L1, the end of DE3 makes flow less confined and more 

asymmetric (Fig 4.18.). At the westernmost part of L1, the flow encounters two intrusive 

diapiric ridges and becomes restricted again. This is reflected by the narrowness, relative 

symmetry and depth of the section. The course of channel L2 is generally irregular towards the 

NE because it encounters a diapiric ridge with varying width, but about halfway through, it 

becomes bounded by the same diapiric ridge as L1, which perhaps explains the similarity in 

the sinuosity between L1 and L2. The channel widths of L3a and L3b are initially relatively 

small because the channel was flowing via restricted gaps between the diapir. After the two 

channels coalesce, the width/depth ratio increases markedly. L5 is the least sinuous large 

channel, in part because the current does not encounter any obstacle to flow. L4 only changes 

direction slightly where it flows via the spaces or gaps in between the GDR and DDR providing 

an easy flow path. Flow only changes a little in order to navigate the gap between the aligned 

ridges (Fig 4.18.iv), after which, it continues on its original course. 

Channel Type  

The type of channels in an area depend on the (dominant) morphological features controlling 

the channel development (Rebesco et al., 2014), (Hernández-Molina et al., 2008), (E. Gràcia 

et al., 2009). Several types of alongslope (contourite) channels have been classified in these 

previous studies (Rebesco et al., 2014); (Esentia et al., 2018) including: contourite channels, 

moats, marginal valleys, and large isolated furrows.  
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Contourite Channels is the terminology used to defined an elongate erosional depressions 

generated as bottom currents erodes the seafloor (Esentia et al., 2018). Depending on their 

position on the slope, the type of seafloor obstacle encountered, the strength of the current 

acting during their formation or evolution of the surrounding morphology, contourite channels 

can be straight, sinuous or slightly sinuous. Usually, they are oblique to slope or around a 

topographic obstacle, orientated in the alongslope direction, and generally follow the direction 

of the dominant bottom current flow pathway (Esentia et al., 2018) and (García et al., 2009). 

All the alongslope channels in this study can therefore be considered as contourite channels.  

A Contourite Marginal Valley is a unique type of channel formed by the interplay between 

bottom current and seafloor relief, such as a seamount, diapiric ridge, diapiric dome, or mud 

volcano (Esentia et al., 2018) and (García et al., 2009). Erosion occurs around the flank of the 

structure as the velocity of bottom current constrained by the relief is increases. Many of the 

smaller channels identified in this study could therefore be considered as marginal valleys.  

A Contourite Moat is defined as an erosional channel that occurs specifically along the flank 

of a mounded-elongate drift, usually taken as the moat that separates a mounded elongate 

separated drift from the adjacent slope. They typically occur due to non-deposition or localized 

erosion below the bottom current core. Channel L5 is the main example of this type in the study 

area. Fig 4.47, Fig 4.20 

A Large Isolated Contourite Furrow is a relatively small contourite channel, which may be a 

result of  the erosive action of a small flow that separated from the main bottom current, 

probably caused by flow  obstruction  and splitting by  some topographic feature (Esentia et 

al., 2018). It could also represent the emerging formation of a larger channel. Several of the 

small channels in the study area could be considered as large isolated furrows.  

Effects of Channels on Sedimentation  

Channels and Erosion  

The contourite channels in the study area are a key element in causing seafloor erosion. Taking 

an average of the length-width-depth values of the observed large and small alongslope 

channels in the study area (Table 4.4), it is possible to calculate the approximate volume of 

eroded sediment. This amounts to 350-450 km3.  

However, probably more significant in volume of eroded sediment is that caused by flank 

oversteepening and destabilisation leading to bank collapse and the generation of MTDs 
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(slides, slumps, debrites). This is very evident, for example, on both flanks of channel L5, the 

Alvarez Cabral moat. It is difficult to estimate the volume of sediment eroded by this process 

because the material that collapses into the channel is most likely swiftly removed downstream. 

See section 4.4.9 for further discussion of the MTDs.  

Channels and deposition 

As with erosion, deposition is a function of velocity, gradient, channel shape, channel 

roughness and discharge. As the channel shape and size evolves from east to west and north to 

south so does the sedimentary facies (García et al., 2009). For instance, the eastern part of 

channel L1 is floored by coarse-grained sediment, such as rocky substrates, gravel, boulders 

and coarse sand (Stow et al., 2013) Fig4.47. Mineral composition analysis shows that most of 

the very coarse-grained material is composed of iron-rich carbonate formed by microbially 

induced precipitation around the fluid escape from diapirs, mud volcanoes and chimneys. 

Channel erosion and undercutting of diapir flanks led to their increased steepness and 

instability, and thence to down-flank collapse and sliding of diapiric sediment and iron-rich 

carbonates into the channel. The middle reaches of the channel have extensive development of 

sand waves, whereas the westernmost part, by contrast, is floored by finer-grained sediment 

and little gravel. 

For the region in general, much of the contourite deposition occurs both overbank and 

downstream of the channel sector (Fig. 4.20). Also, the type and number of morphological 

features in the vicinity of a channel affects its shape and the resulting drift type fig 4.47 
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Fig 4. 47 Schematics showing the channel distribution and contourite formation A. an illustration of the Northern middle slope with few are recent channels B) Showing a possible contourite 
distribution in the southern middle slope area. Green lines (diapiric ridges), red lines contourite drift, yellow dashes – basin. 
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4.4.6 Downslope Canyons & Channels  

Introduction 

The NW quadrant, when compared to the other regions in the GOC study area, presents a 

heavily excavated complex network of canyons and slope channels (or gullies) with varying 

morphology and sizes. For this reason, it was designated the Canyon Sector by previous studies 

(Maldonado et al 1999). For the most part, these are downslope oriented channels, which are 

presumed to act as the conduits for turbidity currents. They are morphologically distinct from 

the alongslope channels described in Section 4.47, and so are considered separately in this 

section. In fact, complex canyons and their tributaries feed into broad base-of-slope channels 

that are oriented more in an E-W alongslope direction and may be more closely linked to the 

alongslope channels of the previous section. These are called hybrid channels in this study. 

Types and Distribution 

Three distinct types are identified in the study area: (a) canyons, which are generally larger, V-

shaped in cross section, deeply erosive into older stratigraphic succession, and complex 

drainage features with one or more tributaries; (b) slope channels (or gullies), which are smaller 

and shorter erosive segments that do not cut so deeply into the slope stratigraphy; and (c) hybrid 

channels, which are broad channels at the base of the middle slope that appear to be fed by 

other channels. The reasons for calling these hybrid channels are considered in the discussion 

section. 

Canyons and Hybrid Channels  

A total of 7 canyons are identified, two of which may be considered hybrid channels (Fig. 

4.48A). Canyons 0, 1 and 2 are all branches of the well-studied Sao Vicente Canyon (Terrinha 

et al, 2003, 2009; Alves et al 2000). As there are no seismic lines available across these 

channels for this study, they are described solely from bathymetric data. More detailed 

morphological description is given for canyons 3-6 and hybrid channels 7 and 8, for which 

seismic profiles are available (Fig 4.48B). All the canyons straddle the middle and lower slope 

except canyon 6, which initiates in the outer shelf and crosses the upper, middle and lower 

slope segments. Hybrid channels 7 and 8 track along and down the lower slope. Channel depth, 

length and area, were determined for each of the canyons and hybrid channels (Table 4.5). 

Canyon 0 is the most westerly canyon in this study, immediately east of the Sao Vicente 

canyon. The head of canyon 0 starts at the mid-lower slope boundary at a water depth of 1500m 

and is approximately 53 km from the shoreline. The orientation of this canyon is NNE-SSW. 
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It is located at the SW of some step-like slump scarps, which flank the Sagres drift. It covers 

an area of about 218 km2 and is 16 km long, the shortest of all the canyons analysed herein. 

However, part of the canyon is outside the available bathymetric data.   

Canyon 1 is also located SW of the Sagres drift, with its head region close to a set arcuate 

shaped and sometimes coalescing slump scarps. This canyon has a wide head wall, on the edge 

of the on the lower slope, and several NW and NE trending tributary gullies. It covers an area 

of 424 km2, with a width of 13-19 km and a length of 30 km. Towards the head scarp (north of 

canyon1), the gullies are very shallow making the canyon flank appear smoother. However, 

towards the middle the gullies become more pronounced and steeper and the canyon floor is 

flatter.  

Canyon 2 is located adjacent to Canyon 1 and immediately SW of the Sagres drift. The gullies 

that feed into canyon 2 are unnamed and not usually mentioned in papers. The overall area of 

the canyon is approximately 400 km2 and its length is 59 km. This canyon is relatively straight. 

Canyon 3 is a long and sinuous canyon with 5 bends and a length of about 57 km. The canyon 

covers an area of about 1267 km2, which makes it the largest all the canyons studied here. The 

head region has width of about 6km, but the canyon width increases to approximately 20km in 

its middle reaches.  The first part of the canyon has a single course without tributaries, the 

second part of the canyon has several tributary gullies that empty into the main canyon thalweg, 

and the third part has fewer tributary gullies. The canyon cross section is asymmetric, and the 

flanks have different numbers of tributaries, with the western flank having more and longer 

gullies than the eastern flank. Appendix 4.4.  The first half of the canyon appears to be more 

erosive with a more V-shaped profile, while the second half is more U-shaped with a flatter 

canyon floor (Fig4.49). The average channel gradient is around 1:20, with a slight decrease 

gradient in the lower half. 
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Fig 4. 48 A) Bathymetric map showing the ACW limit(solid grey lines), the canyons and the seafloor bathymetry B) Map 
highlighting  the seafloor gradient in the area of interest (region3) and  the canyons  within it .Colour legend indicate range 
of slope gradient in degrees. 
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Fig 4. 49 (3A) longitudinal section of canyon 3. 3B-3E) and the cross sections at 4 points along the  canyon 3 

Canyon 4, although classified here as a single canyon, is in fact broad area of approximately 

831 km2 with about four short tributary canyons and a thalweg. The headwall is therefore 

relatively broad and is located approximately 60 km from the shoreline. It is fed by a fan shape 

of tributaries. The 3 other smaller single course canyon tributaries empty directly into the 

middle reaches of the main canyon. 

In the headwall region, slide scarps are imaged as a series of distinct steps in morphology with 

heights ranging from < 25 m to 100 m above the seafloor. This is especially the case in the 

southern parts (e.g., Fig. 4), where the slide scarps occur between 800 and 1,150 m water depth. 

However, in the middle part, the tributary headwalls appear to be associated with a number of 

detached blocks, up to 40 m thick and some with widths > 4 km, between 600 and 1,400 m 

water depths. 
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Canyon 5 forms in the SE part of the Portimao drift and is oriented NNW-SSE. The headwall 

occurs about 56 km from the shoreline. It is about 20 km long and covers an area of about 274 

km2. The canyon is wider around the headwall (approximately 12km) and the width reduces 

slightly towards its middle reaches (9km).  Just after the headwall region, there are three 

tributaries feeding into the main course but for the remainder of the canyon course there are 

only a few tributary gullies and the flanks are smoother in profile. The first part has a relatively 

steep gradient, but this rapidly decreases to a gentle gradient.  

Canyon Name 

from 

Literature  

Length 

Meters  

Shape 

area  

Sqkm 

(MBG) 

Area  

Sqkm  

Shape 

Width  

Shape  Longitude 

gradient  

Headwall 

water 

depth (m) 

Maximum 

Depth(m)  

Location 

0 Unnamed  16,356 218 153 11698 Normal 0.10 1700 2990  Out profile 

1 Sagres 31,413 583 424.2 17654 Normal 0.06 1300 2200 Out profile 

2 Unnamed 30,158 348 329.1 13244 Normal 0.05 2100 3070 Out profile  

3 Lagos  59,125 1267 686.3 21270 Elongate

d 

0.04 800-900  Partly 

within P 

4 Unnamed 44258 831 468.8 19169 Wide 0.09 1300  In profile  

5 Unnamed 21589 274 267 12604 Normal 0.07 900  In profile 

6 Portimao 55713 947 365 18062 Elongate

d 

0.03 100  In profile 

7 Faro 26880 560 318 21205 Normal 0.04 1100  In profile 

8 Don 

Carlos 

56366 1192 666.5 20988 Elongate

d 

0.02 1300  In profile 

 

Table 4. 5 Main morphology characteristics of the Canyons in the study area 1-8. MBG-Minimum bounding geometry 

Canyon 6 is about 58 km long, extending from the shelf to the lower slope. The canyon 

headwall starts at approximately 18 km from the shoreline and cuts across the slope between 

the Portimao and Albufeira drifts.  This canyon is relatively sinuous with about 7 little bends, 

but an overall N-S orientation.   The canyon width increases from north to south. At the 

headwall on the shelf the width is 3.5km, the mid-section is 7 km wide, whereas it is up to 17 

km wide on the lower slope. Canyon 6 covers an area of 947 km2. The first part of the canyon 

lacks any gullies, having a smooth asymmetric flank and a V-shaped cross section. In plan 

view, slump scarps are visible on the east and west canyon flanks. The wider lower part has 



 

 181 

flanks extensively dissected by tributary gullies and has a maximum with of about 17 km 

(Appendix 4.4). 

 

Hybrid Channel/Canyon 7 has a ENE-WSW orientation. Its head region is approximately 50 km 

from shore and at a water depth of 1100 m. It has tributary channels from the middle slope to 

the north, the Portimao High to the south, and the broad westward extension of the 

Guadalquivir contourite channel to the east starts at the lower slope.  This hybrid channel is 27 

km long and covers an area of 560 km2. The width at the head wall scarp is about 20km where 

the tributary gullies join the main channel. The width diminishes slightly to the west, where it 

is joined by canyons 6 and 5. 

Hybrid Channel/Canyon 8 has a more or less E-W alongslope orientation but is gently sinuous 

with three main bends. It is about 51 km long and covers an area of approximately 1100 km2.  

At the head wall, about 85 km from shore, the width of the channel is relatively narrow, but it 

increases alongslope to the west. It has a relatively flat channel floor. This channel is joined by 

the extension of channel 7, and together they extend for a further 50 km to the west, in and 

alongslope direction with a downslope gradient. 

Slope Channels (Gullies)  

Six channels (DS1-DS6 from west to east) are mapped on the upper slope (Fig4.39). All apart 

from DS4 are small-scale, straight and shallow, and occur in a relatively high slope setting. 

These channel types are commonly known as slope gullies. Channel DS4 is, in fact, a larger, 

sinuous and deeper feature, which can be classified as a canyon. This was described above as 

Canyon 6. Generally, all 6 channels of the upper slope channel are relatively straight and 

trending in the North- South direction.  

 

The direction of flow via the channel, the symmetry and the shape of the channel floors are 

similar for Channel DS1, DS2 and DS3, also, the channel flanks and the shape of channel floors 

are identical (fig4.50). The gradient of the east and western flanks of DS1-DS3 are similar but 

not the same. Hence the term slightly asymmetric is used in their description. Appendix 4.4. 

B15-20. Channels DS1-DS3 have a slightly curved v-shaped channel floor. DS1, DS2 and DS3 

have a length of approximately 11km, 13km and 16km respectively. Across each of the 

channels, the width and depth are greatest in the northern part, but both decrease southward 

(Fig 4.51A &B). 
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South of the Cadiz margin and east of the DS4/canyon 6 are two relatively smaller N-S channels 

(DS5 and DS6). DS5 has a length of 8 km, a width ranging between 2.2-3.4 km and depth 

between 17-33m. The channel flank is symmetric to slightly symmetric and the channel floor 

is a U to curved v shape. DS6 is the shortest and shallowest of all the N-S channels. The length 

is approximately 3 km, the width is between 1.91-1.94 the km and depth 27-64 m. The flanks 

in DS6 are asymmetric with the eastern flank shorter and gentler while the western flank is 

steeper and longer. 

 
 

Fig 4. 50 Seismic line PD00701 and PD00702 cutting across the N-S channels (DS1, DS2, DS3, DS4) 
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Fig 4. 51  A)Longitudinal Profile of one of the N-S channel (DS3) and the cross sections (DS3A, DS3B, DS3C). B) Slope class 
bathymetric map showing shelf to upper slope channels north of the  canyons 

A 

B 
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Controls on Downslope Channel Development 

Canyons, channels (or gullies) and hybrid channels together cover a large proportion (around 

30-40%) of the NW quadrant. This is a significant area especially when compared to the rest 

of the study area where no canyon is present. It is not entirely clear why these downslope 

channels are preferentially located in this region, but we consider briefly below the principal 

controlling factors on downslope channel development (see also, Pickering and Hiscott 2016). 

1. Slope gradient. Channels form preferentially on steeper slope gradients, and also where there 

is a marked steepening of gradient. The NW sector has a generally steeper slope than that 

further east, which might be a contributory factor to channel development – especially for the 

slope gullies and Portimao Canyon 6. The canyons that begin on the mid to lower slope break 

appear to be initiated at a point of increased slope gradient (i.e. > 40) (Fig 4.35), (Fig4.48). 

Many of these show extensive areas of slumping, and the coalescence of retrogressive slides, 

which suggests their origin as a result of mass wasting. The headwall regions of both Portimao 

and Sagres canyons have numerous step and scarp features, which collectively form the 

complex headwall scarp.  

2. Tectonic activity- Seismic tremors, fault displacement and movement of diapirs can all lead 

to slope destabilisation and downslope mass movement, generating turbidity currents. This can 

lead to foci of erosion and the progressive down-cutting of channels. There are some major 

faults associated with the canyon sector, including the Portimao Fault along canyon 6 and 

Sagres Fault along canyon 2. (Fig 4.54) Seismicity in the region is concentrated along the 

Azores and Gloria Fault zone, which cuts across the Gulf of Cadiz, with a record of higher 
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Fig 4. 52  Seismic profiles at different locations in the GOC showing how drift morphology changes from east to west. 
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Fig 4. 53 Isopach map of the drifts in the Gulf of Cadiz (scale showing approximate thickness in meters red highest and blue lowest) 
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3. Sediment Supply and Instability. In addition to tectonic activity (above), sediment instability 

can be caused by rapid and significant sedimentation on the slope, leaving it more prone to 

mass failure. The NW quadrant is one of muddy contourite deposition where the bottom 

currents associated with the MOW have decreased in velocity. Where bottom current activity 

is periodically enhanced, this can lead to slope undercutting. Both of these factors may have 

contributed to downslope channel development in the region. Presence of downslope channel 

north of the canyon supports fluvial sediment supply to the shelf region in this area (Fig 4.56), 

but there is however evidence that quantity of its sediment is currently very low. 

4. Lowered Sea-level.  It is well known that at times of lowered sea-level rivers can flow across 

the exposed continental shelf and deliver sediments directly to the upper slope. Riverine 

erosion as a result of the lowered base-level can also lead to erosive incision and channel 

formation on the shelf. This can become a focus for subsequent submarine channel erosion. 

This is a possible cause of canyon 6, which cuts into the outer shelf, although there are no major 

rivers feeding this region at the present day. 

5. Hydrodynamic origin. Work by Micallef and Mountjoy (2011) has proposed an origin for 

upper slope gullies due to the cascading of dense water downslope off the edge to the shelf.(Fig 

4.55) The control on these ephemeral hydrodynamic events is not yet fully understood, but 

these might be an explanation for the upper slope gullies in the NW quadrant. 

Interaction Between Canyons & Other Morphological Features 

Canyons and Drift Morphology 

The size, type, shape and physical characteristics of a drift can be influenced by the proximity 

to, and the size of a downslope canyon 4.52.  For instance, drift characteristics on either side 

of Canyon 6 (Portimao canyon) differ.  The Albufeira drift on the east of the canyon has a 

distinct mounded morphology and is both progradational and aggradational, whereas the Lagos 

drift to the west is sheeted and aggradational. The Albufeira drifts is known to have higher rates 

of sedimentation and a coarser average grain size than those of the Lagos drift (Marches et al., 

2007). The Alvarez Cabral moat is very prominent to the east of the Portimao Canyon but is 

much reduced or absent to the west. It seems, therefore, that the downslope canyon has captured 

or siphoned off alongslope flow of the MOW.  Furthermore, the canyons and downslope 

channels act to erode parts of the contourite drift sediments and transport these downslopes. 

This explains the smaller area and thickness of the contourite drifts in North west (canyon 

sector) as opposed to the north -east (Fig 4.53). 
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Canyons and Mass Wasting 

There is a close interplay between canyon systems and mass wasting. Mass wasting can lead 

to the initiation of canyon formation (as noted above), but once formed, the canyon headwall 

and flanks are the regions of steepest slope (up to > 200) .This lead to further potential siphoning 

off bottom currents from the alongslope MOW and their passage down-canyon, all lead to 

further erosion and steepening of the canyon walls. This, in turn, leads to greater instability and 

the initiation of mass wasting. 

 

 

 

Fig 4. 54 A) Structural map of the study area. Arrows (red and purple) pointing at the N_S strike slip faults that are 
interpreted to have triggered the canyon development shown in B. B) Bathymetric map and slope map of canyon 2. Canyon 
2A -downslope profile across canyon 2. Longitudinal cross section along canyon 2 include Canyon 2B,2C, 2D and2E.   

A 
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4.4.7 Mass Transport Deposits   

Submarine slides, slumps and debris flow deposits are widespread across parts of the northern 

Gulf of Cadiz. These are not differentiated but referred to collectively as Mass Transport 

Deposits (MTDs). They are readily identified in seismic profiles as chaotic to transparent 

reflector packages of limited extent, both vertically and laterally.  

 

 
Fig 4. 55 A) Map showing the distribution of mass transport deposit. B) The mass transport deposits superimposed on the 
slope map reveals  more MTD’s  in areas with highest gradient  .  colours in legend refer to slope gradient in degrees. 

A 

B 

MTD’S 
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They are also mostly identifiable on bathymetric data as having positive, irregular topography 

over a discrete area. In some cases, it is also possible to identify simple translational slides and 

partly rotational slumps on steep slopes, but these are also considered as MTDs in the following 

section. Although buried MTDs are evident in seismic section, it is only the recent MTDs with 

surficial expression that are considered here. 

Types and Distribution 

MTDs are most evident in the study area in four discrete regions: (a) on channel/canyon flanks 

and headwall scarps; (b) around prominent topographic/basement highs or banks; (c) on the 

flanks of diapirs and diapiric ridges; and (d) on the steeper parts of the open continental slope. 

Their distribution and characteristics are given in Figure 4.56 and AppendixB.5. The sediment 

thickness ranges from tens to hundreds of metres. 

Canyon and Channel MTD’s 

A large portion of the area associated with canyons and channels is covered by MTD’s. In 

general, these show incoherent, poorly stratified, chaotic, transparent and hyperbolic seismic 

facies forming an irregular and undulating seafloor (Fig 4.57A). In some parts, especially close 

to the headwall scarp of canyons, the seismic reflectors are better stratified and semi-

continuous. This is also true of the flanks of contourite drifts against the contourite moat. These 

are most likely slide blocks. Along much of the canyon and channel flanks they are chaotic or 

transparent, becoming even more chaotic on the canyon floor. Slumps have highly 

discontinuous seismic character but not as fully as chaotic as debrites (Fig 4.57A). However, a 

clear indication of the type of MTD is generally not possible, so that all are classified as MTD’s. 
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Fig 4. 56 Seismic profile PD00814 showing the mass transport deposits (sliding and slumping )in the southern part of the 
Albufeira drift   

Basement High MTD’s 

The areas surrounding the main topographic highs (or seamounts) like Guadalquivir Bank, 

Portimao Bank, and the Diapiric Ridges, are also characterised by the presence of common 

MTD’s. The MTDs are mostly concentrated on the flanks that have slopes of >10° at the base 

of these seamounts (usually a depression) and not on the top which usually has a less steep 

gradient (< 5°). Both the northern and the southern flanks of Portimao Bank have common 

MTD’s. (fig4.57B) The slope increases on both flanks, but the northern-eastern flank slope 

gradient values are relatively lower (4-10°) than the southern flank with slope gradients of 12°-

15°.  On the steeper southern flanks, the MTD covers a much large area (129-157 km2) and on 

northern flank the MTD coverage is smaller (30-36km2). At the base of the southern flank some 

MTD’s are deposited within the D. Carlos channel while others (whether sliding or slumping 

off the northern flank) are deposited in the Faro channel (Fig 4.57B). Some amphitheatre-like 

scars are observed on the south flank where deposits have been eroded and transported south-

westwards. 
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Fig 4. 57 Seismic profile PD00810 showing the MTD’s around the Portimao bank and relate slide scars  

In central part of the GOC middle slope basin, there is a large basement high known as the 

Guadalquivir Bank. Both its eastern and western flanks have amphitheatre (or step-like) slide 

scarps, some of which are bounded by distinct faults Fig 4.58. Despite a regionally steeper 

slope, only a relatively small amount of mass wasting is observed along the southern flanks of 

Guadalquivir Bank, feeding into Guadalquivir channel floor. Fig 4.58  

 

 Diapir MTD’s  

These MTD’s are observed around the most prominent diapiric ridges and domes (e.g. Cadiz 

Diapiric Ridge, Lolita Diapiric Ridge and Guadalquivir Diapiric Ridge). MTD’s can be seen 

on the flanks of the diapirs and ridges and also in the circular rim of the depression around the 

diapir. Fig 4.60. (i). A somewhat smaller MTD is also observed about 51 km east of the Lolita 

diapir along the southern Guadalquivir diapiric ridge flank, which is also the northern flank of 

the contourite channel (L1) (fig. 4.56). 
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Fig 4. 58 i) Seismic profile PD00825 showing head slide scarp ii) PD00829 showing the step-like scarp 

C D 

i 

ii 
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Fig 4. 59 i) Seismic PD00817 ii) Seismic profile PD00712 showing the Lolita diapir and surrounding mass transport deposit in 
cross section. iii)  the plan view of the Lolita diapir and MTD’s  
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Continental Slope MTD’s 

In the NE quadrant, MTD’s are common from the shelf edge and over the upper slope. One 

extensive region of MTD’s covers an area of approximately 140km2, extending the 400 m 

contour to the floor of the channel (Alvarez Cabral Moat) (Figs. 4.61). In addition, on the open 

middle slope, northwest of the Lolita diapir, there is an MTD which extends from its headwall 

to the south west for about 8km. Fig 4.60 ii. This open slope MTD has contorted, deformed, 

and discontinuous chaotic facies, with no evidence of internal major failure planes. On the 

seafloor the MTD unit is raised and the surface shows isolated and rough surficial erosive 

scarps (metre-scale relief) resembling shallow failure scars. Fig 4.60(iii). The basal surface of 

this MTD unit is a horizontal plane that is parallel to the underlying stratified deposits.  

 

 

Fig 4. 60 i) Seismic profile 835 ii) Seismic profile 705 both showing the MTD located in-between the shelf and the upper 
slope).  
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Principal Controls on MTD Development  

MTD’s are one of the most common and extensive morphological features in the study area. 

They are closely aligned with several other features, particularly channels and canyons, so that 

their genesis is related and controlling factors are therefore the same. The principal controlling 

factors on MTD development are considered below. 

1. Slope gradient. MTDs are initiated preferentially on steeper slope gradients, although once 

triggered they travel downslope and may end up on a flatter part of the topography (e.g. channel 

floor). Such gradients are typically in excess of 40 and are much steeper (> 100) in many cases 

Fig 4.56. For example, the total area covered by the MTD’s in the canyon sector amounts to 

40% of the total area. This has the largest area with displaced material. The large volume of 

MTD’s in the canyon sector is partly due to retrogressive sliding where an over-steepened slide 

scar leads to further back-stepping slope failure. Younger, retrogressive failures have eroded 

the older headwall scarps. 

2. Tectonic activity. Seismic tremors, fault displacement and movement of diapirs can all lead 

to slope destabilisation and downslope mass movement. The suggested repetitiveness of the 

slope failure and the sheer volume of the MTD’s produced, points to a tectonic influence. There 

is abundant data on recent and past large magnitude (Mw >6) earthquakes and associated 

tsunami events. (Gracia et al., 2003); (Zitellini et al., 2004). For instance, the Horseshoe Fault 

had been suggested as a potential source of the 1755 Lisbon earthquake and tsunami (Gracia 

et al., 2003); (Zitellini et al., 2004); (Stich et al., 2007). Seismic clusters have been identified 

in the NW of the GOC (Geissler et al., 2010); (Zitellini et al., 2001). 

3. Slope over-steepening and instability. As mentioned for retrogressive headwall sliding, 

sediment instability can be caused by sudden or persistent over-steepening of a slope. This can 

occur in response to channel margin erosion and under-cutting by the action of both downslope 

and alongslope currents. It also occurs by persistent bottom-current erosion of the continental 

slope. 

Interaction Between MTDs & Other Morphological Features 

Banks, Diapirs and Faults 

The MTDs that occur on the flanks of basement highs, diapiric ridges and diapirs are 

morphological features that are evidence of a combination of tectonics, halokinetics and 

oceanographic processes that have occurred in the Gulf of Cadiz between the Upper Miocene 

times and the present. Previous studies show that the Portimao Bank is a Variscan basement 
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high, which was deformed by the NW convergence of Africa with respect to Eurasia during 

the Pliocene-Quaternary (Terrinha et al., 2009). 

Recent faulting in this area corresponds to the active NE-SW trending west-verging folds and 

thrusts of the Marques de Pombal Fault, Sao Vicente Canyon Fault, Horseshoe Fault and Coral 

Patch Ridge Fault (Zitellini et al., 2004);(Gracia et al., 2003). However, the occurrence of 

MTDs on the flanks of Portimao Bank may be related to the recent uplift  in the SW GOC 

related to thrust faults (Medialdea et al., 2004) during the Pliocene and Quaternary (Maestro et 

al , 2003). The uplift that formed the Bank also resulted in halokinetic processes that led to the 

formation of diapiric domes in the central part of the Bank. The diapirs uplift the recent 

sedimentary cover but they do not outcrop. The main dome is visible on the top of PB is a result 

of Don Carlos Diapir uplift. Both bank uplift and diapiric uplift increase the slope gradient of 

the seafloor, so that sediment instability leads to slides, slumps and debris flows downslope of 

the flank. 

 

In addition, smaller MTDs related to diapirs are indirectly tectonically driven as most of the 

diapirs in the area are triggered by faulting. Such faults could be compressional thrust faults 

within the accretionary wedge complex, long WNW-ESE strike-slip faults (which extend from 

the Horseshoe Abyssal Plain to the inner part of the Gulf of Cadiz) also referred as SWIM 

Lineations, or normal extension faults related plate tectonics e.g. (Zitellini et al., 2009); 

(Terrinha et al., 2009) et al. 

Effects of MTDs on the Seafloor and Sedimentation  

MTDs are amongst the most evident gravitational features in the GOC. Their occurrence leads 

to the presence of scarps and disrupted, contorted sediments adding to the irregularity of the 

seafloor. They extend downward from the upper part of the flank and reach the channel floor, 

with very varied dimensions (a few hundred metres to hundreds of kilometres in length and a 

few to several hundred metres in thickness). It is apparent that the MTD has affected the overall 

sea floor morphology. For instance, the thick and wide sediment failures recorded within the 

Canyon sector is representative of erosion in one area and infilling in another. Slope failure 

and erosion towards the northern middle slope cause excavation of the seafloor and deeper 

canyon escarpment. Most of the slope failure sediments slumping or sliding from upper middle 

slope area are deposited farther downslope. The thickness of the MTDs makes the southern end 

of the canyon shallower.  
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MTDs infill parts of the scours and depressions around banks and diapirs, as well as downslope 

and alongslope channels.  Their presence therefore affects distribution and hydrodynamics of 

the channels and consequently the sedimentation. For the MTDs in the channel and ridge 

sector, which are mostly located on the flank and floor of the channel, their presence within the 

channel can make the channel floor rougher and hence slow down the current. This shift in 

hydrodynamic roughness of channel floor can in turn initiate the development of contourite 

drifts. Therefore, in areas where seafloor is smoother the development of contourites could be 

impacted negatively. Also, although the velocity threshold may not be enough to completely 

erode the MTDs, some parts of it is likely to be eroded and mixed into the drift. Whereas, 

during periods where the bottom current velocity is higher, some of the MTDs may be eroded 

and redeposited farther along slope or downslope where the velocity naturally dissipates and 

the channel ends. In areas where the original MTD are relatively smaller in volume, the mixed 

or redeposited MTDs may be too thin to be resolvable on seismic profiles and only after well 

data analysis can their presence be validated. 

The MTDs on the open slope have a slightly elevated upper surface relative to the surrounding 

undisturbed seafloor. The very chaotic nature of the internal reflectors may also suggest 

liquefaction and deformation of sediments. The area where these open slope MTDs are mapped 

has a low relief except nearby topographically high relief features. These observations suggest 

that the MTD is too fluid to remain a sediment block but does not have sufficient liquefaction 

(Raymond 1984) or slope relief to become a turbidity current. Therefore, the most likely type 

of MTD on this open slope (as seen in Fig 4.6.4) is a most likely a debris flow. This deduction 

agrees with findings from the experiments done by (Middleton and Hampton, 1973); (Dott Jr, 

1963). 

MTDs and slope gradient 

There is a clear relationship between slope gradient and location of MTDs. Analysis shows that 

the prominent MTDs are preferentially located in the area were slope angle is >10o.. However, 

in this study there are also records of a few MTDs on the open slope where slope is <5O. 

According to Klienberg et al (2003), gravitational loading alone cannot induce slope failure 

where the gradient is <4o. This would imply that open slope MTDs are caused by instability 

related to other factors such as sediment fluid content, seismicity etc. Basically, the slump 

observed above drift, excessive pore pressure resulting from rapid sedimentation of  

fine sediments in addition to seismic vibration in the area reduced sediments shear strength that 

triggered slight slumping. The location of the drift in the gentle middle slope meant a less 
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gravitational effect and only a little vertical collapse related to the reduction in shear strength 

caused by seismic vibration. Consequently, the MTD is very local within the specific contourite 

drift area and a gentle, less pronounced concave and smooth scarps formed on the seafloor. A 

similar vertical collapse was presented in (Elliott et al., 2010). 

The MTDs mapped around steep channel flanks are relatively small and have the least 

thickness (Table 4.6.1). The sediment failure of channel walls is a common process in many 

modern systems. In the Gulf of Cadiz the channel-related MTDs are a consequence of 

overloading due to high sedimentation rates and over steepened channel walls (Piper et al., 

1997); (Deptuck et al., 2007). Where the channel flanks with MTDs occur around a diapir 

margin, the steepness of the channel flank is thought to be indirectly related to diapiric activities 

(Tripsanas et al., 2004). 

 

4.4.8 Scarps, Scours and Sediment Waves 

Introduction 

A variety of smaller-scale morphological features is also observed on the Gulf of Cadiz 

seafloor, including minor features with positive and negative relief. Some of these are clearly 

associated with current action on the seafloor (bedforms), whereas others are associated with 

topographic highs. These latter features are referred to as scarps.  

According to (Symons et al., 2016), bedforms with negative relief are referred to as scours and 

those with positive relief are referred to as sediment waves. Some of these are here interpreted 

as due to slope creep rather than current action. With the available data and the irregularity of 

some if the features, there was restriction on accurately quantifying or qualifying using some 

morphometric attributes. It was however less challenging to describe the features in plan view, 

therefore, attributes like the direction, location, shape, distribution and length of approximately 

195 of the minor seafloor features were individually mapped. For the remainder, only the area 

was identified. 

Types and Distribution 

Scarps 

These features are observed near prominent topographic features. A few of these were mapped 

and some attributes presented (Fig 4.6.1 &Appendix B.3.) The scarps are classified based on 

different attributes like length, location and shape in plan view (Appendix B.3) and can be 

subdivided into two types. 
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Fig 4. 61 Composite of bathymetric map of the Seafloor Scarps and Bedforms 
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Fig 4. 62 Seismic profile left PD00824 and right PD00828 showing examples of a typical fault scarp visible on the seafloor   

 

Fig 4. 63 seismic profile PD00827 and PD0074-56  An example of a mud volcano  and mud volcano-scarp. 
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There is a large concave south-facing scarp that surrounds the northern part of the Guadalquivir 

Bank. There is also an array of similar, concave south facing and evenly spaced scarps near the 

North-east and North-west of the Guadalquivir bank (Fig 4.64). Although with similar shape 

and orientation the size of the scarps decreases in size south of the head scarp. In cross section, 

they appear as two or three steps. Therefore, they are described as step-like scarps (Fig 4.64 i 

&ii). These scarps are the surface expression of the previously described MTDs (slides) related 

to the steepness and perhaps the activity of the Bank, hence were referred to as slide scarps in 

the attribute table.   

A) Linear Scarps  

Linear scarps are preferentially located around diapiric ridges, channels and faults. The latter 

is the most distinctive and as such was mapped in detail.  

Fault scarps appear to be mainly asymmetrical in cross section, being more rounded at the top 

and abrupt at the base. They may also have a small v-shaped depression at the base (Fig 4.62). 

The scarps are observed in most areas around the GOC, but they are mainly clustered in the 

area underlain by the accretionary wedge complex. 

Most of the faults in the area are inactive and have little or no expression at the seafloor, but 

only a few normal faults and crestal graben  faults (related to intrusive diapirs) cut the seafloor. 

Where this occurs, the throw creates a small depression on the sea floor. If this is further eroded, 

the bottom of the scarp becomes more rounded. The size of the resulting fault scarps is 

proportional to the displacement on the fault plain.  

B) Crescentic Scarps  

These scarps have an arcuate to circular plan view. Mud-volcano scarps form the back face of 

crescentic depressions on the seafloor. These scarps are typically concave upwards and occur 

in association with fluid-escape chimneys and mud volcanoes (fig 4.63).  All those mapped in 

the western half of the mud volcano region are in the downslope direction. The scarps that form 

around extrusive diapiric domes have a circular form. 
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Fig 4. 64 i) Example of slide scarp and step-like scarp around the Guadalquvir bank ii) Schematics of the arcuate step-like 
scarp. 

i 

ii 
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Scours 

On the middle slope, several negative relief bedforms have been identified in bathymetric data 

and are prevalent across the southern part of the study area (fig 4.61). These are herein referred 

to as scours. Most of the scours located in the middle slope are arcuate shaped. Some are 

isolated, however most of them occur in clusters.  

A) Clusters of Scours: Two main clusters of scours can be seen in the South (red polygon) and 

south east (pink dash polygon) of the research entity (fig 4.61). For the sake of description, the 

former is referred to as cluster A and the latter cluster B. Cluster A extends over an area of 

about 15km2, the scours have an arcuate shape with the apex facing towards the NE direction. 

In cross section, it shows a series of curvy V-shaped almost symmetrical depressions cutting 

into the seafloor. For cluster B, the scour area extends across approximately 50km2. In plan 

view, the sizes of scours within this polygon are varied but are relatively smaller and more 

numerous. In fact, these were not individually mapped due to their small size. These scours are 

also arcuate in plan view but the apices points towards the W and SW direction. In cross section 

however, their shape is similar to that described for scours in cluster A.  

B) Isolated Scours: Scattered around the middle slope are two isolated erosional bedform types 

that do not seem to be associated with topographic features or any underlying structure (Fig 

4.61). Some of the isolated scours are arcuate in shape while others are straight.  

Arcuate scours: are more streamlined and enclosed than previously described arcuate scarps. 

For this reason, it might be more accurate to describe these as horseshoe-shaped depressions. 

Both horseshoe-shaped depressions are oriented in the NE and NNE of the Guadalquivir bank 

(GB). A section perpendicular to the scours shows asymmetric depression with one very steep 

(approximately almost right angle) flank and a gentle flank with obtuse angle.  

Straight scours: are sparsely distributed linear depressions visible in the research entity (Fig 

4.61). The scours are observed on a slope that is between 0-2 degrees and are mostly oriented 

parallel to the nearest steepest slope gradient (which is the Guadalquivir bank) (Fig 4.65). On 

plan view, these linear depressions extend over between 5-20km and are asymmetric in cross 

section. In cross-sections, they have an asymmetric V profile, with the steeper and shorter side 

facing downslope.  
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Fig 4. 65 Showing scours around the area with larger slope gradient values Colour in the legend refer to the slope  gradient 
in. degrees.  

Sediment Waves  

Sediment waves occur in different parts of the GOC but only the most striking ones are mapped 

Fig 4.61. Their setting was also variable; some bedform fields were confined between channel 

floors whilst others remained unconfined on open slopes. A major sediment wave cluster is 

observed in the northwest approximately 65km west of the Portimao canyon. Multibeam 

bathymetry shows that the crests of the sediment waves vary from curved to slightly wavy 

(sinuous) and are sometimes bifurcated. The wave crests are roughly parallel to the regional 

slope, with the steeper slope facing downslope (Fig 4.66). In cross section they appear to be 

asymmetric. Though there are no seismic lines that cut perpendicularly to the crestlines, the 

morphological measurements made on ArcGIS waves indicate that they have varying 

dimensions. Similar wave fields are observed 17km and 34 south-east of the Portimao bank. 

About 23km SW of the Guadalquivir bank there are series of arcuate or crescent shaped 

bedforms that are aligned in a linear pattern and oriented in the NW-SE direction (Fig 4.67). 

They are mainly asymmetric with a gentler North-western flank. They appear to be 

preferentially located on a contourite drift in the middle slope section. Also, note that the series 

of arcuate sediment waves presented in Fig 4.61 are adjacent to the end of the largest channel 

(L1). 
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Fig 4. 66 Example of sediment wave in the canyon sector of the study area 

Controls on Development 

The scarps, scours and sediment waves identified in this study are controlled by several 

different processes and the interaction between processes and the seafloor. The two most 

significant controls are:  

1. Tectonic activity - The active tectonics in the GOC both directly and indirectly affects the 

development of the smaller-scale features described in this section. Fault activity that reaches 

the surface leads to fault displacement and hence directly to the formation of scarps on the 

seafloor. The tectonic emplacement of diapirs and banks leads indirectly to slope steepening 

and hence to slide scarps, as well as to flow constriction or deviation and hence to enhanced 

flow speed and more marked current erosion, forming scarps of different types. 

2. Current activity - Current erosion, both by downslope and alongslope currents, may result in 

scarps and scours at the seafloor. Flow speeds are typically enhanced by several effects: (a) 

interaction with topographic obstacles (e.g. diapirs); (b) flow through narrow channels, gaps or 

passageways; (c) flow around marked curvature of channels; (d) alongslope flow constriction 

where the slope gradient is particularly high; and (e) downslope flow at a marked change of 

gradient. Depositional bedforms (i.e. sediment waves) are related to relatively slower moving 

currents. 
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Fig 4. 67 Examples of arcuate and straight sediment waves in the seismic profiles and plan view 
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Interaction with the Seafloor 

Some examples of the nature and effects of these erosional and depositional features are 

discussed briefly below. 

Implications of bedforms on velocity, state and direction of flow  

• Based on these data (slope and height) no consistent relationship can be drawn between 

the variation of individual crescentic depressions and their location. However, the size, 

number and curvature on each of the crescent shaped feature differs and can be an 

indication of seafloor topography, velocity of flow or distance from the source.  

• In the SE for instance, the seafloor scours are numerous, irregular and truncates the 

near-surface stratified deposits, indicating an area of intense erosion (Fig 4.61).  

• The similarity in the shape of the scours in plan view suggests they are created by a 

similar erosional current. 

• In the southeast portion of the study area, the low-relief streaks and troughs in cluster B 

occur parallel to each other. They are aligned northwest-northeast and in some areas a 

change towards a west-east orientation is observed. This pattern is similar to the direction 

of simulated bottom currents modelled by (Lynch et al., 2004). 

• Therefore, while these features may be interpreted as either erosional or depositional 

(Stow et al., 2009), in this instance, the cross profile shows mostly depressions cutting 

into the substrate (Fig 4.68). This in addition to flow parallel orientation suggests 

sediment winnowing, this explains why they are classified as scours.  

• The high volume of scours in this SE section is due to the proximity of the area to the 

source of the floor (Fig 4.68). In addition, the velocity of the MOW in the SE is most 

likely  

• higher which makes the area more prone to erosion and preservation of erosional 

bedforms (scour).  

• Notice that although both clusters A and B are spatially in close proximity and probably 

created by the same current MOW, their directions are different. If as suggested by 

(Symons et al., 2016), the direction of migration provides insight into the state (sub or 

supercritical) and type of flow that created the bedform. Since there is no difference in 

flow type as seen in literature the difference must be in the flow state. Bathymetry and 

seismic images show that the bed form in cluster B migrated along / upslope indicating 

the flow that produced them was supercritical. 
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Fig 4. 68 A) cross section of more widely spaced sediment waves within the red polygon (B) cross section of the sediment waves within the pink dash polygon  showing the numerous sediment 
waves in the  south-east 

NE SW ENE WSW 
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• Because the crest of a bedform migrates along or away from its source, (Symons et al., 

2016) , the source of the downslope facing cluster A bedform is the channel L1 (north of 

the bedforms) while cluster B is Straits of Gibraltar in the SE. 

• There scarps that forms around diapirs and mud volcanoes also give an indication of flow 

dynamics. A possible hypothesis for the development of these scarp is given below 

A mixture of mud and water or hydrocarbons is vented from the subsurface. The escaping fluid 

mixes with sediments, erupts into the water column and forms a cone-like feature on the 

seafloor. The sediments that make up the mud volcano still contain trapped fluid and high pore 

pressure, which can trigger instability. As fluid-sediment extrusion continues and overburden 

on the mud volcano is increased, a portion of top eastern side detaches and collapses outward 

Fig 4.69. The collapsed sediments fill up the depression on the up-dip side only. The 

subsequent flow bypasses the collapsed sediments on the up-dip side and erodes the down-dip 

side, leading to the formation of a crescent-shaped scarp on the western side of the mud 

volcano. 

 

 

Fig 4. 69 Schematics of how mud volcanoes and associated concave semi-circular scarp 1) initial venting and realise of fluid 
and mud mix forming mud volcanoe, 2) collapse of the up dip (eastern )side of the mud volcanoes crest 3) deposition of 
subsequent sediments  on the up-dip side and erosion of the down dip side forming crescent shaped scarp. 

Bottom-current / Seafloor interaction  

The interaction of the bottom currents with tectonic-related morphological features can lead to 

the formation of bedforms, which means there is an indirect relationship between bedforms 

and tectonics. For instance, the erosional scours within Cluster A formed by the MOW flow 

exiting the Channel L1 at a point where an ACW related diapir serving as a confinement to the 

channel ended. These scours only formed in this location and trend in the N-S direction because 

1 2 3 
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of the obstacle created by tectonically induced diapir changed the original course of the channel 

L1. Similar interactions have been recorded in other geological setting (Faugères et al., 1997), 

(Bulat and Long, 2001), (Verdicchio and Trincardi, 2006), (Fildani et al., 2006). Also, 

tectonism caused the development of thrust or normal faults which can cause a scarp on the 

seafloor. Localised action of any flow eddies adjacent to the scarp can result in the erosion and 

retreat of one side of the scarp or simultaneous erosion of one side and the progradational 

deposition on the other side (Terrinha et al., 2009)( Fig 4.70). 

Erosional scours that are prevalent in the SE occur along the path previously mapped as the 

channel path of the MOW. The NW-SE and W-E orientation and the location of scours within 

cluster A and B are indications that they are scours created by the MOW bottom current. Within 

cluster B, the orientation of the scours is the direction of the MOW flow. In essence scours in 

cluster B are indicative of the primary MOW flow direction whereas the sediment waves 

represent a secondary MOW flow direction. This confirms that the flow direction at different 

parts of a basin is partly a function of the surrounding topographic relief. This suggests that the 

erosional scours can be used to predict the direction of current flow but should not be used 

independently of morphological analysis. 

  

The classification of the two southernmost cluster of bedforms as erosional bedforms or scours 

is supported by the fact that scours are predominantly in a deep setting on a margin (Symons 

et al., 2016). Unlike the crescent features studied around the Horseshoe valley section in 

(Duarte et al., 2010), the isolated  crescent depressions do not correspond to any blind thrust. 

This suggests that thrusting did not contribute to the formation and perhaps they are solely 

formed by flow and seafloor interaction (hydraulic dynamic). However, since the full hydraulic 

model of the GOC is yet to be consolidated, this point is raised just hypothetically. 

Despite the suggestion that the canyon mouth region is one of the typical locations for erosional 

scours, the linearly aligned arcuate mixed bedforms mapped in the central open slope trend 

towards upslope and occur at the mouth of a major channel (L1). This suggests that they were 

formed by the MOW exiting the channel. As mentioned above, the distance of the channel 

mouth from the source explains the reduction of velocity of flow at the end of the channel and 

formation of an erosional /depositional bedform at the mouth instead of the expected scour.  

Another possible hypothesis is that rapid sedimentation during drift formation resulted in a 

formation of drift. The height of the unconsolidated sediment material and the high-water 
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content in the rapidly deposited drift sediment leads to instability within the drift sliding and 

development of a series of slide scarps. 

According to (Symons et al., 2016), bedforms can be erosional, depositional or mixed. The 

Gulf of Cadiz study area has presented good examples of the individual types. In a cross section 

of the upper slope in the NW sediment waves, the majority of the bedforms are elevated relative 

to the regional seafloor This implies that they are depositional bedforms. By contrast, the 

bedforms in the south-east are mostly characterised by enclosed depressions (escarpment that 

cuts into the surrounding seafloor) (Fig 4.68), which suggests that these bedform clusters are 

mainly erosional, and hence are more properly referred to as scours (Symons et al., 2016). 

However, the sediment waves in the middle slope are mixed bedforms as there is combination 

of both erosional and deposition occurring. Fig 4.70. 

 

 

Fig 4. 70 Schematics showing how a mixed erosional and depositional bedforms form by the action of bottom or turbidity 
current on an existing scarp or scour. Red dashes –erosion of scarp, Green line –progradational sedimentation.  

Bedform and Scarp Preservation Potential  

In a tectonically active setting like the Gulf of Cadiz, an abundance of fault scarps is expected. 

According to (Orange, 1999), in a deep-sea setting such as this, the preservation potential of 

fault scarps is influenced by three factors: (1) sediment accumulation rate, (2) scarp erosion, 

and (3) rate of tectonic activity. 
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Interestingly, there is a lack of fault scarps evident at the seafloor in the NW (canyon sector) 

despite it being a seismically active region. Because of the canyons, the fault scarp 

degradation/erosion rate is presumed to be faster than the rate of scarp growth, therefore the 

fault scarps are not preserved. Note that the scarp growth rate is given by the product of average 

earthquake recurrence interval and average seismic fault throw (Eichhubl et al., 2002).   

 

Basically, the earthquake causes slope failure, and sediments slide rapidly down slope. Any 

fault scarps that formed (from repeated seismicity) would be obliterated before the occurrence 

of the next earthquake. Hence, fault scarps are not seen, but MTDs are relatively abundant due 

to a higher than average slope gradient. 

Also, this prediction is consistent for the channel and ridge sector. Note that even within the 

channel and ridges sector the fault scarp are more towards the west than the east. This is 

probably because the velocity of the current was higher in the east. Most of the current flow 

via the channels and in areas where the flow is not within the channel, fault degradation by 

erosion is slower than the rate of scarp growth, meaning that the top of the scarp is eroded and 

the sediment deposited in the base, and the fault scarp slowly becomes obliterated. Towards 

the western part of the channel sector the velocity of the flow has reduced, winnowing is lower 

than fault slip rate, which makes fault scarp preservation potential higher. 

The actual preservation potential is likely to be even lower in the NE. The absence of fault 

scarps in this area is not due to lack of fault or high erosion but due to high sedimentation rate. 

The presence of the mounded contourite drift (Faro-Albufeira drift) is an evidence of this high 

accumulation rate and will obliterate or bury any fault scarp above the past extensional fault in 

the area. 

Although the mid-slope linear depressions are not directly above any faults, they appear to be 

aligned with the GB and seem to coincide with the NE-SW and NW-SE trending fault system. 

Fig 4.61. Additionally, since most of the fault scarp are clustered around the area underlain by 

the accretionary wedge complex, this confirms that the tectonic uplift, fault reactivation is 

prevalent in this area. 
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Table 4. 6 Summary of scarps, scours and sediment waves  

 

No   of  Bedform  Number of Bedform 
associated with other Features 

Number in each 
Location  

Number in each BEDFORM Distribution 

Scarp 107 AWC 16 NE 13 CLUSTER 51 

Scour  11 Channel 8 CENTRAL 16 ISOLATED 52 

Sediment 

waves  

60 Diapirs  6 NW 44 LINEAR 32 

  
Fault  30 SE 55+ STEPLIKE 43 

  
Mud Volcanoe  11 SW 30 

  

  
Near Channel  21 

    

  
Slide  25 
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4.5 Morphometric Analysis  

4.5.1 Introduction 

Morphometric analysis (in a geomorphological context) is the detailed measurement and 

evaluation of the earth’s surface and the dimensions of its landforms. Geo-morphometric 

analysis is generally conducted in three stages: (a) one-dimension (linear measurements), (b) 

two-dimensions (areal measurements), and (c) three-dimensions (relief measurements). This is 

normally carried out on land, for example in the analysis of a river basin. 

A river basin’s drainage characteristics are fundamental to understanding the different 

hydrological processes. Understanding the intricate details of each channel or each segmented 

area might be cumbersome and inaccurate given the complexity of the basin. Therefore, a 

holistic understanding of the hydrology and processes occurring in the basin requires analysis 

at watershed basin scale. Watershed is considered an area of surface whose major runoff is 

transported via a single outlet. It is considered a fundamental erosional landscape element, 

within which there is interaction of land and water resources. Various hydrologic phenomena 

can be correlated with the characteristics of drainage basins such as size, shape, slope of 

drainage area, drainage density, size and length of the tributaries (Rastogi and Sharma, 1976). 

 

In the present study, I have attempted to apply these morphometric techniques to an analysis 

of the Gulf of Cadiz offshore region, using ARCGIS tools and generally accepted techniques 

to assess the geo-hydrological characteristics of the GOC basins. The main aim is to apply 

some of the formulas and concepts created using river case studies in a deep-water setting. The 

following sections describe the results of this investigation and elucidate some of the 

relationships between hydrology and geomorphology observed in the GOC. 

 

4.5.2 Objectives 

• Look at the one, two and three-dimensional morphometric parameters of the Gulf of 

Cadiz basin  

• Measure and perform some quantitative calculations using the parameters calculated  

• Understand the significance of these parameters, if any, for this and other deep-sea 

basins  

• Determine the impact on the morphological characteristics on sedimentation  
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• Compare the morphometric analyses of the southern and northern parts of the Gulf of 

Cadiz  

 

4.5.3 Literature Review  

One-Dimensional Measurement 

This measurement is also referred to as the linear measurements and it includes the following 

subtopics: Stream number, Stream order, stream length, bifurcation ratio, and sinuosity index. 

Note that most of the morphometric formulas are derived using data from river basins they are 

therefore used here for a deep offshore basin with caution. 

Stream order: is a hierarchal order in which a network of streams is arranged or distributed. 

The network usually starts as small channels that drain into larger channels downstream or 

downslope (in the sea). A lot of drainage morphometric analysis relies on the stream order 

input and as such a lot of geomorphologists have come up with varying ways to determine 

stream order. The most generally accepted and most widely used method was developed by 

Starhler, an American geomorphologist. According to Starhler’s method, the smallest river 

drainage streams are referred to as first order streams and where two first order stream join 

together a second order stream develops. Third order streams are formed where two-second 

order streams join and where two third order streams join; a fourth order stream is formed and 

so on.    

Stream number: is the total number of streams in each order identified. This is generally 

inversely proportional to stream order.  According to (Horton, 1945), the number of streams of 

successively lower orders in a given basin tends to form a geometric series beginning with the 

single segment of highest order and increases according to the constant ratio. This is widely 

referred to as the Horton Ratio. If you plot the mean stream slope on the y-axis (with a log 

scale) against the steam number on x-axis (with an arithmetic scale) a negative linear 

relationship is shown. 

Bifurcation Ratio: is the ratio between the number of streams of any given order and the number 

of streams in the next higher order (Horton, 1945). The ratio can be expressed by the formulae 

below  

BR =Sn/Sn+1  

Where BR =bifurcation ratio 
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Sn=Total length of stream in the nth order  

Sn+1=Total number of streams in the n+1th order  

S/N Mean Bifurcation ratio 

values  

Significance  

1 ≤2 Rarely observed mostly theoretical  

2 3-5 Homogenous rock  

3 >5 Elongate basin or controlled by a geological structure(s)  
Table 4. 7 Description of bifurcation ratio.  

Mean bifurcation ratio is also important, and it is calculated by taking the average of the all 

bifurcation ratio of all the stream. Bifurcation ratio value is affected by the relief, rock type and 

dissection of rock. Low bifurcation ratio implies that water will accumulate in the basin and 

not spread out. This might be important for explaining sedimentation such as contourite drift 

formation, flooding in an area of uniform climate, rock type, history of geologic development, 

the bifurcation ratio is usually constant from one order to the next. 

Stream length: is the total length of all the streams of a particular order and the mean stream 

length is the average stream length in that order. While stream length ratio is the ratio between 

the mean stream length of one order and that of the lower order  

SLR=Ln/Ln-1 

Where SLR = Stream length ratio  

Ln = Mean stream length of nth order  

Ln-1 = Mean stream length of n-1th order  

There is a relationship between most types of linear stream calculation parameters. For 

instance, there is a negative relationship between total stream length and stream order, there is 

a positive relationship between mean stream length and stream order, and there is a negative 

relationship between stream order and cumulative mean stream length (it increases 

geometrically with successive stream orders). Horton also developed the law of stream length 

order, which states that cumulative stream lengths of stream segments of successive higher 

orders increases in geometrical progression starting with the mean length of the first order parts 

with constant stream length ratio. In order words if stream order is plotted on x-axis in an 
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arithmetic scale against a cumulative mean length of stream on y-axis in log scale a positive 

linear pattern is formed. 

Sinuosity index:  simply put, this is how much a river deviates from a straight line. One 

common formulae is that presented by Schumm  

SI =AL/EL 

Where  

SI=sinuosity index  

AL=Actual length of stream 

EL =expected length of stream if it was straight   

Based on the range of values of sinuosity index, Schum presented 5 different categories of 

stream (Fig. 4.70a). 

  

Fig 4. 71 a) Schematics showing types of streams with varying sinuosity b) illustration of stream orders  

Two-Dimensional Measurement  

These types of morphometric analysis are also called areal. A few of the parameters calculated 

in this section include drainage density, basin shape, and drainage frequency.  

Basin shape: The ideal shape of a river basin is pear-like. However, the shape of the basins 

changes from location to location depending on the following: relief, rock type, geological 

structures present, slope gradient, amongst others. For example, streams flowing via areas with 

mountains, topographic highs tend to have elongated basins as opposed to those along plains. 

Schumm developed an equation known as the Schumm elongation ratio, which is used to access 

the shape of a basin. 
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ER =DL /L.      Where ER = elongation ratio 

D = Diameter of the circle with the same area as the basin  

L=length of the Basin  

A =Area of the Basin  

The value of elongation ratio is between zero and one. Higher values (values nearer one) depict 

a circular basin, whereas a lower value elongation ratio implies more elongate basins. 

Basin area:  is the total area of drainage of all streams in a basin. The basin area for a particular 

stream order is taken as the area drained by that stream order, plus the area of the streams of 

the lower orders than contributed to form it. Mean basin area is the average basin area of the 

order. A basin area ratio is the ratio between mean basin area of a particular order and the mean 

basin area of the lower order. 

BAR =An/An=1          Where BAR=Basin Area Ratio  

An = Mean area of the stream of nth order  

An-1 Mean area of the stream of n-1th order 

Mean basin area ratio is the average of the mean basin area.  

According to the law of Basin Area as postulated by Strahler (REF), the mean basin area of a 

successive higher stream orders tends to form a geometric series starting with the mean of the 

1st order basin and increasing with the constant basin area ratio.  

Three-Dimensional Measurement  

Stream slope: Every stream flow on a slope and stream slope is the ratio of the vertical drop of 

a stream to the horizontal distance  

SS=V/H        where SS = stream slope  

V= vertical drop  

H = Horizontal distance  

Mean stream slope =summation of nth order  

Law of stream slope by Horton (1945) states that the mean stream slope decreases with 

increasing successive stream order in a geometric series with constant slope ratio. That means 
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if you plot mean stream slope (log vertical axis vs arithmetic scale on horizontal axis), a straight 

line with negative relation is produced. 

River profile: is the outline of the course of the river in vertical section. There are two profiles; 

longitudinal and transverse. The former is the distance versus the elevation along the river from 

the source to mouth. This may be a smooth profile, or with nick points and profile breaks 

indicating periods of rejuvenation. The transverse profile is the distance versus elevation across 

the river. The profile typically changes downslope, i.e. from V-shape in the upper reaches, to 

a broader, flatter U-shape in the middle reaches.  

Hypsometric curve: is a graphical representation of the area height relationship in a river basin 

(Langbein, 1947). The analysis of the curve gives an indication of the distribution of the ground 

surface area or horizontal area of a watershed basin in relation to altitude (Strahler, 1952, 

Strahler, 1957). Additionally, the watershed hypsometric analysis is used to examine the 

movement of water in each basin and also to understand patterns of water storage in space and 

time, the degree of dissection and stages of erosion (Dunne, 1998); Strahler (Strahler, 1952, 

Strahler, 1957). In simple terms, stages of denudation of two different basins can be compared 

by examining their respective hypsometric curves. These also indicate which part of the basin 

is more eroded compared to other parts. The more mature the river the more concave the 

hypsometric curve (Fig 2.18). 

 

Drainage density: is another useful parameter when discussing the hydrology of a basin. It can 

be defined as the total line length of stream network divided by the area of the basin. It is 

significant in analysing the morphology of a drainage basin because it influences the geological 

textures of a drainage system 

DD= L/A 

Where DD= drainage density, L= Length, A= Area 

A high drainage density may indicate one or more of the following: (a) the existence of a  

mature well developed channel system; (b) surface runoff that moves rapidly from the hillslope 

to channels; (c) the basin rocks have a really low infiltration rate; (d) the texture of the stream 

network ; and (e) a thin deforested cover (in the case of an onshore environment). It measures 

how well or poorly stream channels drain a watershed area. Low drainage density, on the other 
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hand, implies a basin that is (a) underlain by a porous sedimentary deposit; or (b) lower runoff 

potential. 

 

 

Fig 4. 72 An illustration of levels of channel density  

Drainage frequency is the total number of streams per unit area. Mature topography shows a 

smaller number of streams whereas an immature topography shows more streams.  

Watershed: is the upslope area that contributes flow to a common outlet and forms a 

concentrated drainage system. An individual watershed can be part of a larger water shed but 

can also contain smaller water sheds called sub basins. 

 

4.5.4 Methodology and Database 

Data Available  

The data available for this study was from bathymetric maps in tiff file from Emodnet and TGS 

NOPEC. Bathymetric data was extracted from the worldwide bathymetric data available on 

GMRT website.  A grid file was created in the perimeter of the focus area a lower resolution 

bathymetric map.  The boundary of the grid file is as follows: West - 9.958008, East – 

5.625000, South 34.903953 and North 37.363172. Grid resolution is 395.10m/node, the grid 

width and height are 986 nodes and 695 nodes respectively.  The WGS 1984 Complex UTM 

Zone 29N.  The grid is downloaded as a Raster file, which is later imported into Arc-GIS for 

further morphometric and morphological analysis. Additional steps were taken during 

morphometric analysis such as: 1) basin morphology extraction 2) manual mapping 3) 4) 

morphometric feature extraction 5) hydrology analysis 6) creation of hypsometric i9curve.  

However, the details of these steps are available in chapter two. 
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4.5.5 Results 

Detailed analysis of the landform Figure 4.75 is conducted through description and 

mathematical measurements following the procedures outlined above. The results obtained are 

described below. 

Morphological Features Identification  

Several maps were created and used to aid visualisation and mapping of the seafloor 

morphological features. Maps of some quantitative descriptors used to analyse the seabed 

terrain include spatial analyst, curvature map, slope relief, slope gradient, etc. (Fig 4.1 and 4.2). 

The curvature map shows similar features as the slope map. A large portion of regions 1 and 2 

have very low (near zero) curvature values, which means the region is nearly flat with only a 

small area with medium and high positive curvature values.  Regions 3 and 4 on the other hand 

have relatively greater percentage of high positive values (that is upwardly convex surfaces) 

than the remainder of the study area. Other visualisation tools such as contour maps, hill shade 

and slope classes are used to calibrate the initial findings from the slope and curvature maps. 

 Min Max Mean SD 

SLOPE 0.00 70.18 2.73 3.39 

CURVATURE  0.000002582 31.29 0.17 0.54 

ASPECT -1 359.9 210 75.5 

HILLSHADE 0 254 179.3 10.35 

CTI 4.27 27.8 11.8 2.02 

LANDFORM 12 -73.9 54.4 -0.25 1.01 
Table 4. 8 Showing the different visualisation tools and the minimum, maximum, mean and standard deviation values. 

Slope  

The slope map of the entire study area shows a maximum slope of 70.18 o, a minimum slope 

of 0.00 o and mean slope of 2.73 degrees (Table 4). The histogram of the raster and the map 

(Fig 4.73b) show that a very high percentage of the overall seafloor terrain falls between the 0-

5 o and only a small percentage of the study area has a steeper topography (20-70 o) steep slope. 

Region 1 is relatively flat with maximum slopes of 20.09o.  Region 2 is also relatively flat 

except for a small area with steep topography. Relatively, regions 3 and 4 are the areas with 

the steepest topographic gradients with approximately 35% of the slope >10 degrees. The area 

with maximum slope values 70.18 o is region 3. Fig 4.9a 
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Fig 4. 73 Morphology of the study area using varying visualisation tools A) Spatial Analyst B) Slope relief C) Curvature and D) slope  

A B 

C D 
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Fig 4. 74 More visualisation maps A) and B) slope, C) Hillshade D) CTI-Compound topographic index

A B 

C D 
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Fig 4. 75 Contour maps a) 100m interval b) 200m intervals  
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Fig 4. 76 Maps showing (i) the Slope gradient variation across the seafloor. (ii) Aspect (iii) Aspect using a different colour scheme for better visualisation. Colour in legend refer to slope gradient 
in degrees. 

 

i 
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(Map showing aspect of study area -fig number in page 226, Aspect identifies the downslope direction of the maximum rate of change in value 
from each cell to its neighbors. 

ii 
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Aspects (same as in previous page  but with different colours for better visualisation …fig number in page 226) 

iii 
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Aspect 

The Aspect map shows that there is a wide range of slope-facing directions in the GOC (Fig 

4.76i&ii). In the region 1, the SE quadrant has slopes facing in very varying directions, 

including E, S, W, N, SW, NW, NE and SE.  The SW quadrant has mostly W, NW with some 

SW facing slopes. In region 2, most of the area is sloping in the S, SE, SW direction, the latter 

is more towards the east of this region. The Alvarez Cabral moat slopes in a N, and NW 

direction. Within the Huelva channel, the slope is NE but on either side of the channel the area 

slopes to the NW and N. In region 3, all the gently sloping areas slope towards the S and SW, 

but the steeper slopes are either N, NW or E.  The western flank and eastern flank of the 

channels and Portimao canyon slope east and west respectively.   The part of the Alvarez Cabral 

moat, which is linked with the Sagres canyon, slopes to the NW and W directions. 

Drainage System  

Some useful basic hydrological maps were created for fill, flow direction, and flow 

accumulation, using the digital elevation model. Flow direction shows that the GOC basin 

flows in varying directions. The most prominent flow direction is towards the SE and S. Also, 

very visible in the middle slope regions is a N and NW flow direction (Fig 4.78ii). There is 

negligible flow to the E and NE direction.  

Basins  

The basin polygons created automatically by ArcGIS using the flow direction raster show a 

variety of sub-basins in the GOC. The SE and NW parts have numerous small basins, but the 

middle part has only two large basins. The feature values of the small basins in the SE were 

similar and those in the NW were also similar Fig 4.12 (i). In order to calibrate, initial suspicion 

a tool is set to apply transparency based on feature values software and four large basins were 

automatically delineated. They are named A, B, C and D for the purpose of study 1 (SHOW 

ON FIG). However, to avoid the problem of ambiguity and enhance the understanding of the 

effect of Accretionary Wedge Complex on the sedimentary process, the basins A and B, which 

overlie the Accretionary Wedge Complex, are combined to create an even larger basin X.  A 

second study 2 was then conducted with three basins X, Y and Z.  
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Fig 4. 77 Aspect reclassified A) W and E facing slope B) North and South facing slope C) NW and NE slope D) SE and SW slope 
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Fig 4. 78 Map showing of (i) the Fill (ii) Flow direction 1 =East, 2=South East ,4=South ,8= South-West ,16=West ,32=North-West ,64=North ,128= North East (iii) Flow accumulation. 

i 
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Flow direction (fig number  and full caption in page 227) 

ii 
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Flow accumulation (fig number  and full caption in page 227). 

iii 
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Fig 4. 79 A) The basin raster produced automatically by hydrology tool. B) Subdivision of basins based on ArcGIS value 

features.  

 

A 

B 
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Fig 4. 80 i)the map  showing four basin subdivision  and the extent of Accretionary wedge complex. ii) New subdivision of 

study area into three based on the extent of Accretionary wedge complex. X created by adding A and B, Y is same as C and Z 

is same as D (in fig 4.80i)  

i 

ii 
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Morphometric Analysis of the Basins  

The morphometric analysis of the drainage basin was conducted using the widely accepted 

methods as described previously. The results are separated into three aspects for less 

cumbersome presentation and easier analysis. 

Study 1 

Linear (1D) Measurement  

The results of the linear one-dimensional analysis such as steam order, stream number, 

bifurcation ratio, stream length and sinuosity index are presented in table 5.     

Study  

 

 

Stream 

order 

Stream 

Number 

Bifurcation 

Ratio 

Stream 

length  

Mean 

stream 

length  

Cumulative mean 

stream length  

Stream length 

Ratio 

STUDY 1 

A 

1 395 2.146739 903.5 2.287342 2.2873418 - 

2 184 2.190476 509.4 2.768478 5.05582 1.210347 

3 84 1.037037 199.1 2.370238 7.4260581 0.856152 

4 81 16.2 223.4 2.758025 10.184083 1.163607 

5 5 - 16.2 3.24 13.424083 1.174754 

        

B 

1 741 2.12931 2388 3.222672 3.2226721 - 

2 348 2.485714 1008 2.896552 6.1192238 0.898804 

3 140 1.794872 376.2 2.687143 8.8063666 0.927704 

4 78 2.888889 206.8 2.651282 11.457649 0.986655 

5 27 0.234783 72.93 2.701111 14.15876 1.018794 

6 115 - 251.4 2.186087 16.344847 0.809329 

        

C 

1 1521 2.080711 4623.8 3.039974 3.0399737 - 

2 731 1.898701 2103.5 2.877565 5.9175387 0.946576 

3 385 2.532895 983.2 2.553766 8.4713049 0.887475 

4 152 0.817204 379.3 2.495395 10.9667 0.977143 
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5 186 3.444444 377.6 2.030108 12.996807 0.813542 

6 54 - 143.9 2.664815 15.661622 1.312647 

        

D 

1 250 1.893939 752.6 3.0104 3.0104 - 

2 132 2.275862 323.3 2.449242 5.4596424 0.813594 

3 58 1.348837 146.3 2.522414 7.9820562 1.029875 

4 43 21.5 50.6 1.176744 9.1588004 0.466515 

5 2 - 0.13 0.065 9.2238004 0.055237 

STUDY 2 

X 

1 1127 2.030631 3247 2.8811 2.8811003 - 

2 555 2.511312 1531 2.758559 5.6396588 0.957467 

3 221 1.416667 578.5 2.617647 8.2573059 0.948918 

4 156 5.032258 403.2 2.584615 10.841921 0.987381 

5 31 0.267241 88.68 2.860645 13.702566 1.106797 

6 116 - 251.5 2.168103 15.87067 0.757907 

        

Y 

1 1521 2.080711 4628.8 3.043261 3.043261 - 

2 731 1.898701 2103.5 2.877565 5.920826 0.945553 

3 385 2.532895 983.2 2.553766 8.4745922 0.887475 

4 152 0.817204 379.3 2.495395 10.969987 0.977143 

5 186 3.444444 377.6 2.030108 13.000094 0.813542 

6 54 - 143.9 2.664815 15.664909 1.312647 

        

Table 4. 9 Showing the summary result of ID linear morphometric parameters for study 1& 2 
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Water 

Shed 

Basins  

Mean 

Bifurcation 

Ratio 

Total 

stream 

length 

(m) 

Drainage 

Density  

Basin 

Area(m/

Sq) 

Total 

stream 

 No.  
Basin Shape  

Mean 

stream 

length 

Ratio 

Study 

1 

Basin A  5.39 

1857.5

6 0.365 5077 

 

 

749 

Short Wide 

Basin 1.1 

Basin B  1.91 

4505.4

6 0.58 7814 

 

 

1449 

Long Narrow 

Basin 0.93 

Basin C  2.15 

8881.8

9 0.52 17020 

 

 

3029 

Fan shaped 

Basin 0.99 

Basin D  5.4 

1292.9

7 0.49 2604 

 

 

485 

Pear - Shaped 

Basin? 0.6 

Study 

2 

Basin X  2.25 6306.6 0.49 12780 2206  0.95 

Basin Y 2.15 8886.7 0.51 17020 3029  0.99 

Table 4. 10 Showing the summary of the 2D morphometric parameters  

Stream Order/Stream Number  

In each of the basin areas, small streams progressively drain into larger streams forming a 

stream network. A number is assigned to each stream in the hierarchal order using the widely 

accepted Strahler stream order method. Basin A and D have 5 stream orders while basin B and 

C have 6 stream orders (Table 5, Fig 4.14). Most of the morphometrically analysis depends on 

the stream order. The number of streams of any order in each of the basins analysed here are 

plotted against stream number in Fig 4.14. In general, stream number appears to be inversely 

proportional to stream order. However, there is a slight shift in this expected negative linear 

trend within B and C. That means for Basin B and C stream frequency does not decrease with 

increasing stream order. Consequently, the plots for these basins are atypical as some curvature 

exists in the range of the higher order. Total stream number is directly to 3rd order traverse low 
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to moderate slope zones while the 4-6th order streams are preferentially seen within the known 

channels, moat and canyon sector.  

The Bifurcation Ratio ranges between 1.03 and 16.2 for basin A, between 0.23 and 2.9 for 

basin B, between 0.8 and 3.44 for Basin C and between 1.34 and 21.5 for Basin D (Table 5). 

The bifurcation ratio tends to change from one order to the next. In Basin C and D, although 

the ratio is not constant, the change in values is relatively small, with most of the values falling 

within the ‘’normal range ‘’. For Basin A and D, there is a large inconsistency in the ratio 

towards the higher orders (Table 5).  In other to clarify this variability, mean bifurcation ratio 

for each basin is computed. These data are shown in Table 6. The mean bifurcation ratio for A 

and D is   5.393 and 6.754 respectively.  In Basin B and C, however, the ratio is significantly 

lower – 1.91 and 2.15 respectively.  

 

 

 

Fig 4. 81 Plot of stream order in geometric scale vs stream number in log scale (for all basins) mostly give a negative linear 

pattern. (Which is accordance to Horton’s Law)
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Fig 4. 82 Plot of stream order vs mean stream length 

 

2D Measurement  

The results of basin shape, basin area, drainage frequency and drainage density are presented 

in below.  The approximate drainage density in basins A, B, C and D are 0.4, 0.6, 0.52 and 0.50 

respectively.  The top central part of Basin A shows lenticular areas with high drainage density 

sandwiched between areas of low density. The SE part of the basin shows mainly medium and 

lower drainage density. The maps show that the drainage density is high in the NE shelf part 

of the basin B and the lower slope in the south western part of the basin and relatively lower 

on the upper slope. The two parts with high drainage density correspond to the area 

immediately SW of the Guadalquivir river and the Cadiz valley area. Basin C shows a mixture 

of high, medium and low-density areas, although the higher drainage density is concentrated 

in the area that corresponds with the SE valley and the west central region.  Basin D shows 

highest drainage density in the south and southwest area that corresponds to Carlos valley, and 

the horseshoe valley area. The area within the canyon floor and moat floor also has a medium 

to high drainage density. 
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 An overlay of both slope map and drainage density maps shows that the former is generally 

inverse to the latter.  

 

Relief (3D) measurement 

Table 7 show differences in the hypsometric attributes from one basin to the other.  The 

hypsometric curve shows that Basin A has partly a more concave curve and partly a convex 

curve. Basin C has a concave curve, while Basin B and C have a relatively straighter curve (Fig 

4.81), by comparison with the three curves defined in the bench mark study of (Strahler, 1952, 

Strahler, 1957) (Fig 2.18). Curve A did not fit perfectly with any of the three curves but the 

first half bears resemblance with the monadnock phase curve while the second half of curve 

looks more like the second half of the inequilibrium stage curve. However, curve B is closely 

comparable with the monadnock phase. The shapes of Curves B and D are relatively closer in 

shape to the equilibrium stage.  
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Fig 4. 83 The pictorial distribution of drainage density 
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Elevation range  

Surface 

Area m/sq 

Surface 

Area % 

Cumulative 

Surface area  Altitude 

Max 

Elevation 

Min 

Elevation 

Total Area  

Hypsometric curve A 

-2821_-2800 0.99374 0.01957 0.0195737 -300 -396 -2821 5076.9  

-2800_-2400 55.55 1.09416 1.1137359 -600    

-2400_-2100 142.9 2.81469 3.9284214 -900    

-2100_-1800 275.3 5.42255 9.3509751 -1200    

-1800_-1500 406.2 8.00088 17.351852 -1500    

-1500_-1200 716.7 14.1168 31.468612 -1800    

-1200_-900 1593 31.3771 62.845757 -2100    

-900_-600 1833 36.1044 98.950156 -2400    

-600_-300 53.3 1.04984 100 -2821    

Hypsometric Curve B 

-4330_-4000 395 5.08791 5.0879114 -20 -20 -4330 7763.5  

-4000_-3500 811.8 10.4566 15.544535 -500    

-3500_-3000 830.7 10.7001 26.244606 -1000    

-3000_-2500 621.5 8.00541 34.250016 -1500    

-2500_-2000 717.6 9.24325 43.49327 -2000    

-2000_-1500 885.5 11.4059 54.899208 -2500    

-1500_-1000 709.4 9.13763 64.036839 -3000    

-1000_-500 1470 18.9348 82.971598 -3500    

-500_-20 1322 17.0284 100 -4000    

Hypsometric Curve C 

-4335_-4000 666.1 3.91326 3.9132631 100 104 -4335 17021  

-3999_-3500 737.7 4.33391 8.2471683 -500    

-3499_-3000 765.1 4.49488 12.742045 -1000    
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-2999_-2500 703.4 4.1324 16.874442 -1500    

-2499_-2000 841.9 4.94607 21.82051 -2000    

 952.4 5.59524 27.415754 -2500    

-1499_-1000 1682 9.88156 37.297316 -3000     

_900_-500 5533 32.5058 69.803074 -3500    

-499.9_100 5140 30.1969 100 -4000    

Hypsometric curve D 

 

Partial 

surface  

Surface  

% 

Max 

elevation  

Min 

elevation  Area   
 

-3647_-3200 343.6 13.1951 13.195084 100 89 3647 2604 

-3199_-2800 254.2 9.7619 22.956989 -400    

-2799_-2400 161.3 6.19432 29.151306 -800    

-2399_-2000 200.3 7.69201 36.843318 -1200    

-1999_-1600 313.2 12.0276 48.870968 -1600    

-1599_-1200 391.9 15.0499 63.920891 -2000    

-1199_-800 415.5 15.9562 79.877112 -2400    

-799.9_-400 365 14.0169 93.894009 -2800    

'-399.9_-100 159 6.10599 100 -3200    

Table 4. 11 Summary table showing the values used for hypsometric curves A, B, C and D 
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Fig 4. 84 Hypsometric curve for basin A, B, C and D. 
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 Fig 4. 85 A composite plot with all the hypsometric curves  
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Study 2 

It was instructive to create new watershed basins for areas above the Accretionary Wedge 

Complex and area where the Accretionary Wedge Complex is absent.  Basin A and B were 

combined and three new watershed basins (X, Y and Z) were manually created, and treated as 

single units irrespective of whether each is an individual basin or made up of composite sub-

basins. Nevertheless, to access the similarities or differences of the hydrology in the area 

overlying the Accretionary Wedge Complex and outside this area, the focus is placed on 

comparison of values of each hydrological attribute previously calculated for the X and Y. 

Stream order maps show that X and Y have a complex network of streams with 6 stream orders 

(Fig 4.20), but that the stream number is relatively higher in basin Y than in basin X.  All the 

streams and some of the streams within X decrease in geometric progression as the order 

increases. Basin X there is a pronounced increase in the number of streams for the stream order 

6, which causes a change in the trend and a deviation from the Horton law of stream order. 

Stream number is directly proportional to the size of the basin. The results show that the total 

length of stream segments is more in case of first order streams for both X and Y. For X, stream 

length decreases with the increase in the stream order except the 6th order stream whose length 

is more than the total length of the 5th order stream segments. In Y, however, there is a 

continuous inverse relationship between total stream length and stream order. The bifurcation 

ratio for X ranges between 0.26 and 5, and for Y is between 0.8 and 3.4. The mean bifurcation 

ratio in X is slightly higher than that of Y. There appears to be a relationship between mean 

bifurcation ratio and the drainage area.  Although both basins have the same number of orders, 

the mean bifurcation ratio is smaller for the basin with the smaller area which is Basin Y. The 

bifurcation ratio is not constant from one order to the order in basin X or Y, which implies that 

the areas do not have a uniform relief, rock type, or history of geological development. The 

value of mean bifurcation ratio is less than 3.  

The drainage density value is 0.67 and 0.5 for basin X and Y, respectively. In general, the 

highest drainage density for X is concentrated around the front of the accretionary wedge 

complex. In basin Y, the shelf area shows that there are some N to S flowing drainage   

channels.  Within the Albral Calbrez moat, the drainage density decreases from the NE to NW 

and the highest density is seen within the valley and moat area and the eastern most part of the 

shelf. The lowest drainage density areas are the contourite drift area and the western section of 

the shelf.  
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Fig 4. 86  a) Map showing stream order  in X and Y  B) plot of stream, order vs stream number

B 

A 
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Fig 4. 87 A) Drainage density of section  X  B) Drainage density of section Y . C) plot of surface area versus elevation for section X and Y

 

A 

B 

c 
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Hypsometric curve X 

Attitude  

Surface 

Area  Surface % 

cumulative 

surface  Elevation 

Max 

elevation  

Min 

elevation  

 Total 

Area 

-4330_-4000 391.2 3.06381379 3.06381379 -10 -21 -4335 

1276

8 

-4000_-3500 810.9 6.350834874 9.414648664 -500    

-3500_-3000 876.3 6.863036872 16.27768554 -1000    

-3000_-2500 654.9 5.129068638 21.40675417 -1500    

-2500_-2000 999.1 7.824786191 29.23154037 -2000    

-2000_-1500 1416 11.08987814 40.3214185 -2500    

-1500_-1000 2251 17.62946023 57.95087873 -3000    

-1000_-500 4067 31.8520723 89.80295104 -3500    

-500_-10 1302 10.19704896 100 -4000    

Hypsometric curve Y 

-4335_-4100 442.2 2.59 2.597356828 100 100 -4335 

1702

5 

-4099_-3600 789.7 4.63 7.235829662 -600    

-3599_-3100 795.2 4.67 11.90660793 -1100    

-3099_-2600 694.9 4.08 15.98825257 -1600    

-2599_-2100 822.4 4.83 20.81879589 -2100    

-2099_-1600 906.1 5.32 26.14096916 -2600    

-1599_-1100 1521.4 8.93 35.07723935 -3100    

-1,099_-600 4452.2 26.15 61.22819383 -3600    

_599.9_100 6600.9 38.77 100 -4100    

 

Table 4. 12 Summary table showing the values used for hypsometric curves X and Y



 

 251 

On the whole, Basin Y has relatively higher drainage densities (with a maximum of  3.77) than X 

(with a maxium of 3.54). Only slight differences exist between X and Y in terms of the hypsometric 

curve.  Both curves have a partial fit to the equilibrium mature stage, however, the shape of the 

individual curves are different. The inflection point of the curves is higher in X than in Y. Also, 

the curve Y is more concave (leaning slightly towards the old age threshold) and the X curve is 

less so. 

4.5.6 Morphometric Discussion 

Study 1 Discussion  

From the map of the basins delineated from the digital elevation model of Gulf of Cadiz there 

appears to be an obvious difference in the shape of the basins in the south as opposed to those the 

northern basin. The basins (A&B) overlying the ACW (south of the study area), some geological 

highs were mapped and most of the basins appear elongate. This is an indication that the shape of 

the basin in the southern area where largely controlled by the presence of geological structures. 

This is in line with the school of thought that suggest that a basin in an area with hills mountains 

and topographic high will most likely have an elongate shape 

There appears to be a relationship between total stream length and the slope. Consequently, stream 

length values reveal the surface run off characteristics.  The discrepancy of the total stream length 

to stream order relationship in B (accretionary wedge front) is attributable to the variation in relief 

within the basin. Bifurcation ratio is associated to the forking arrangement of a drainage network 

(Schumm, 1956). BR is a factor of relief, rock type or dissection of rock, which means the huge 

difference in the values from on order to the next, is a function of the heterogeneity and complexity 

of the GOC area. Specifically, the inconsistent change of   bifurcation ratio shows that the GOC 

area has experienced un –uniform climate, varying stages of deposition, variation in basin 

geometry and is therefore made up of heterogeneous rock type.   For basin A and D, the variability 

of BR was higher between stream order 4 and 5.  The high value indicates the presence of hilly, 

less permeable formation which for instance in A might be the extrusive diapiric ridges or folds 

related to highly intrusive diapirs. The bifurcation ratio around the 2 is common and this implies 

a flat rolling drainage basin area, the value close to 3 and 4 is not as common but can be seen in B 

and C. These values suggest that part of the basins is highly dissected or have high relief features. 
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Fig 4. 88 Map showing the changes of the seafloor from east to west. black elliptical higher drainage density rougher seafloor and varying flow direction. Red elliptical - decreased  flow 
intensity, smoother sea floor and similar flow direction.  
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The parts of A with high BR most have experience fast transportation of water while the area 

with lower BR must have had high possibility of flow accumulation (Fig 4.78iii).  From the 

composite topographic map, it is evident that the SE of A there are a lot of diapiric ridges and 

depressions and these possibly cause of obstruction flow, which causes constant changes in flow 

direction, as well as small accumulations of flow in the region  

Lower BRP might be a result of the relative smoothness of the area west of basin A. This part 

of A has minimal obstruction and consequently a less stagnant more focused flow. The mean value 

of BR in A is greater than 5. Such values are derived in basins that are tectonically driven   and or 

elongate.  The presence of a tectonically driven ACW underneath and associated structures visible 

on the seafloor supports this hypothesis. B and C has similar bifurcation ration values probably 

because the area has relatively more homogenous sediments. The MBR in B and C is 1.91 and 

2.15 respectively both values are near 2 which is typical for a theoretical basin. This might be the 

case because these formulae were derived using continental river basin as the case studies and the 

formulae may not apply in an offshore environment?  

In general, there is a negative relationship between stream order and total stream length of 

particular order. The relationship between mean stream length and stream order is variable. 

The stream order that is larger in B and C suggest a more mature basin as opposed to A and D. 

Another explanation as to why stream order is less for A and D might be because the entire basin 

was not captured. The basin may be more extensive, but this study was limited by the extent of the 

bathymetric map available for this study and the polygons therefore crops out some part of an 

otherwise extensive basin. 

The variations in rock structures in the basin are responsible for inequalities in stream frequencies 

of each order. 

 Basin C has a higher stream number that implies a higher stream number indicates lesser 

permeability and infiltration than the other basins  

Superimposition of morphologic map on onto the slope map shows that there is a relationship 

between slope and drainage density. The drainage density is highest in area with lowest slope 

gradient (between 0-5 degrees) in all basin areas.   
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These low slope areas are random occurrence, but most likely related to the location of features 

that impact the topographic relief. The drainage density is higher in depression syncline 

adjacent to extrusive diapirs or anticlines that are a result of underlying highly intrusive diapirs.  

 Comparing the shaped of the hypsometric curves for A, B, C & D with the  standard 

hypsometric curves  reveal that the Basin A part of basin A is  has had most of its  landmass 

removed by erosion but some parts only had a small percentage <25% of its land mass 

removed.  B and D corresponds to the equilibrium or mature stage curve meaning that the only 

about 50 percent of the B watershed area has experienced erosion. In contrast basin C fits with 

the monadnock curve which implies that a high percentage of the watershed basin sediments 

has been eroded away.  Large change in slope as seen on slope map and presence of a large 

area excavated by canyons in the C basin is further evidence of this intense erosion.  

 The data from basin A shows in some ways that the hypsometry within a basin can vary. 

looking at   their bathymetric and structural map we see why this can be the case. The structures 

present a basin depending on their extent can affect the local hypsometry.  

A question that is worth considering is will a basin that is in its monadnock phase always have 

a monadnock hypsometry or will it at some point revert to an equilibrium phase.   

From this study, it is safe to say that the hypsometry of the basin has a link to tectonism. the 

hypsometric phase could change depending on the tectonic activity taking place or fluctuation 

of velocity of flow. For instance, fault reactivation or sudden movement in a once inactive area 

can create a huge difference in the seafloor relief. Change in topography can cause change in 

velocity and consequently change in hypsometric phase of the watershed basin from 

disequilibrium to equilibrium.  

Another possibility is the seismic shaking caused by earthquake can cause instability and mass 

movement and erosion of a once resistant sedimentary deposit e.g mounded drift. this is a 

hypothesis for the basin C.  The earthquakes toward the west of the study area probably caused 

increased instability and erosion of a previously mounded drift. The lowered drift   elevation 

caused a change in hypsometry from monadnock to equilibrium stage.    

Study 2 Discussion  

The relatively lower values of bifurcation ration (BR) in Basin Y is expected   because there 

the watershed area from morphological mapping previously conducted has less structural 
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control and has geological heterogeneity.  Also, the structures occur mostly on the western 

part of the basin (the canyon sector). The opposite is the case for basin X with higher value of 

BR is supported by the presence a tectonically induced large accretionary wedge structure.  

 The mean bifurcation ration for both X and Y is less than 3 that means that both basins fall 

under the rare or theoretical river basins. Since GOC are obviously real basins, it implies that 

the BR classification values for offshore depositional setting may be different from those set 

using river basin analysis. This classification should be revised and either one classification 

scheme created from data derived from various environmental settings or different 

classification scheme created for each deposition/environmental setting.  

The slight similarities in the characteristics of the curve i.e. both bearing some resemblance to 

the shape of   Equilibrium HC curve suggests that the both basins have a mature topography 

within a relatively homogenous material. This is justified by the fact that GOC Holocene 

sediment are homogenous (mostly contouritic). The maturity of the basin is however only 

partly similar as is observed by the separation of both curves around the middle of the graph.  

The inflection point is higher for X than Y following the conclusions of Strahler, which means 

the former area generally show a lower relief than the latter. Also, curve Y has a more concave 

nature which implies more relief, relatively higher erosion. And this conclusion is justifiable 

by comparing the   relative slope values for both basins as seen in Fig 4.89.  

Additionally, the difference in the hypsometric curve between basin X and y   can be correlated 

to differences in drainage characteristics such as stream feature /network and drainage density 

Strahler 1949. Here the differences between X and Y are not significant and this closeness is 

also reflected in the value of the drainage density of both X and y. Basin Y and X drainage 

density maps confirms that the GOC shelf area has experienced some flow both in the North 

to South direction and in the East to West.  
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Fig 4. 89 Map showing how the slope in section X is relatively lower than in Y and Z. Colour in legend refer  to slope gradient  in degrees. 
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Topography   

In summary, one factor that influences the topography maturity in both X and y Basin is 

tectonism. However, tectonism affects the Gulf of Cadiz sub basins differently and this is 

evident in the shape and characteristics of the hypsometric curve.  

The difference in average DD is not really significant because both basins have relief variations 

that affect drainage density. The overall average drainage density values for both basins are 

similar but the value for X is a little lower than that of Y.  This is confirmed by the map which 

shows a lot more areas with high drainage value in Y than in basin X. diapirs create some relief 

in parts of basin X, the canyons and moats and basement highs also create relief in parts of Y 

Overall, in basin Y, the ruggedness of the topography caused by the canyons escarpment is 

more and covers more area than the ruggedness or reliefs caused by morphological features in 

diapirism in channel and ridge sector (Basin X) Hernandez Molina 2009). The drainage density 

reflects this of ruggedness / relief variation.  

 From Fig 4.22 it is clear that there are still large areas with low DD in basin Y and these 

corresponds mainly with area with lower slope values fig 4.21 and areas around where 

contourite drifts have previously been mapped.  These lower slope areas are obviously poorly 

drained and have slow hydrological response probably due to their relief and porosity of the 

underlying sediments (contourites). All these factors put together favoured the development of 

contourite drift. The DD for both basin y and x is different but are both on the lower scale of 

the spectrum. There is however a slight difference in the value which is a reflection of the 

presence of degree relief of the seafloor morphology altering features in both basins. 

Permeability of the Sediments  

The DD maps shows variation in the distribution of the   drainage density. This is some of the 

highest drainage density in the Y basin are along the N-S Channels and the valley south of the 

canyon area.  This means the material within the valley and N-S channels more silty or clayey 

compared to the adjacent as such will have experience lower porosity, lower permeability, 

higher runoff potential and consequently higher infiltration rate.   
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In eastern part of Basin X, the area adjacent to the contourite channels has mostly medium to 

low drainage density which means the material (contourites) in the area have reasonable high 

porosity material and lower runoff potential.  But in the west part the basin (within the valley), 

the velocity of the depositing current is probably lower leading to the deposition of siltier 

/clayey materials.  

Note that the higher drainage density within N-S channels and the Alvarez Cabral moat  in  the  

North East has to do the combination of the both the poor porosity of the in channel and in moat 

material and the higher velocity of current of MOW in northeast in comparison to the west (due to 

its proximity to the SOG ). When part of a high velocity current intersects with a N- S channel 

with lower porosity material, the runoff potential greatly increases thus leading to an increased 

drainage density value. This DD reduces as the MOW velocity decreases westward hence the lower 

DD in the NW even within the channels. The close spacing of the channels in basin X is caused 

by restriction of flow of Mow around diapiric ridges which are either triggered faulting and or 

emplacement of the AWC. An overlay of the diapirs previously mapped with the drainage density 

map Fig 4.22 Appendix X shows the following; The location of the intrusive diapir is random in 

basin X i.e. does not show a distinct relationship with DD. They appear both across areas of high 

and low drainage density area. However, crest of extrusive or highly intrusive diapir areas show 

low drainage density values while the synclinal depression around the   diapir flanks have medium 

higher DD. The only exception to this is the small channel area in-between two very extrusive 

diapir where the drainage density is very low 0-0. 393. This shows that the two side by side 

obstacles create   a large restriction to the flow, hence the low dd.   For channels, through 

depressions adjacent to only one obstacle diapiric ridge, the flow is less restricted, and the velocity 

will be slightly higher, and this is reflected on the drainage density. The only part of X with 

moderate to high DD are area with no diapir restriction, e.g. the highly incised Cadiz valley area, 

or the high relief area beside the Donana diapiric dome. The less restriction in caused a more rapid 

hydrological response to flow and a higher drainage density. 

The same idea can be uses to understand the distribution of the drainage density in the drainage 

basin Y. In drainage basin Y, the streams are relatively farther apart, diapirs are randomly 

distributed and show no relationship to high or low drainage density areas. Therefore, location of 

channels and moats are not controlled by diapirs. The basin relief however does play a significant 

role in infiltration of hydrological conditions like runoff (Sarkar et al. 2001). Within the valleys in 

Y though, all the components that favour high drainage (such as large depression, limited 

restriction to flow and the slope gradient) are present. 
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Fig 4. 90 An Interpretation of the basin Y. Black line Showing N-S drainage direction ,  red dash lines the MOW path and Purple dash shows a little input form the  NE Guadalquivir basin. 
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Fig 4. 91 Interpretation of the basin X red dash lines the MOW path, purple dash lines NE input flow form Guadalquivir basin , Diapir distribution
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The fewer stream number in X as opposed to Basin Y agrees with the conclusions of DD.  Because the 

basin has lower dd, the runoff potential is low that means underlaying material may be more porous 

material. Criterion such as permeability and infiltration rate does affect the number of stream present 

in a basin.  This explains why basin X has lower stream number than Y. table 6  

Also, the area with low DD in X coincides with the areas around mapped ACW related diapirs mud 

volcanoes and pockmarks.  That confirms that most of the X area overlying ACW with low DD has 

high porosity and infiltration rate hence the sufficient intestinal water in sediments to trigger Pockmark, 

mud volcano and diapir development.   

4.5.7 Morphometric Conclusion  

The study of basin morphometry relates basin and stream network geometries to the transmission of 

water and sediment through the basin. Systematic description of the geometry of a drainage basin and 

its stream channel requires measurement of linear, areal and relief (gradient) aspects of the channel 

network and contributing ground slopes the characteristic of the stream networks is very important in 

the study of landform forming processes. 

ArcGIS has helped in the quantitative analysis of the geo-morphometric aspects of the drainage basins. 

Using the ARC GIS tools facilitates analysis of different morphometric parameters and explores the 

relationship between the drainage basin morphometry and topographical, geological, lithological, 

structural or hydrological processes. The morphometric analysis of the drainage basin and channel 

network play an important role in understanding the geo-hydrological behavior of subsurface basin and 

gives an insight to the prevailing controlling factors either climate, geology, geomorphology, structural 

features. 

In the present study, the morphometric analysis has been carried for parameters such as stream order, 

stream length, bifurcation ratio, stream length ratio, basin length, drainage density, using mathematical 

formulae  

The land area that contributes water to the mainstream through smaller ones forms its catchment area 

or the drainage basin. The arrangement of streams in a drainage system constitutes the drainage pattern, 

that in turn reflects mainly structural/ or lithologic controls of the underlying rocks. Also, hydrological 

pattern affects the material deposited. 

Factors which affect drainage density are characteristically same as those affecting length of the stream, 

and they are resistance to weathering, permeability of rock formation, climate, vegetation, and so forth 
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The hydrology of basin changes significantly in response to the changes in the drainage density. Dd is 

similar in both basins x and y but the former is slightly lower.  A high drainage density reflects a highly 

dissected drainage basin with a relatively rapid hydrological response to MOW. Whereas low drainage 

density which is mainly the case in the area above the AWC means a poorly drained basin with a slow 

hydrologic response and less sediment deposited.  

The results from hydrological analysis confirms that drainage density depends upon a combination of 

physical characteristics, morphological characteristics and climate. The values and figures of the 

drainage density in X and Y shows a relationship between drainage density and permeability of the 

sediments, topography of the area and bifurcation ration. 

For the most part (with a few exceptions) the basin conforms to Horton’s law of stream, number stream 

length and basin slopes. 

GOC is a 6th order basin with the smaller order dominating the two main basins. The study revealed 

that the basin is a mature basin. The mean BR does not give indication of whether the basin is controlled 

by a geological structure or not. The mean Bifurcation ratio values indicates that the drainage pattern 

is in a couple of sub-Basins are influenced by geological structures 

Although it was not possible to accurately calculate the elongation ratio, the bifurcation ratio gives an 

indication of elongation nature of the basin. The BR also points out the relatively lower run off and 

medium relief of basin x and how basin y shifts from this.  

Stream segments of 1st, 2nd and 3rd order traverse parts of the high altitudinal zones characterized by 

steep slopes while the 4th, 5th, 6th and 7th order stream segments occur in comparatively flat lands. 

This analysis has revealed that the total number and length of stream segments is maximum in first 

order streams and decreases as the stream order increases. The bifurcation ratio (Rb) between different 

successive orders varies revealing the geostructural control. 

The profiles echo-sounder dataset acquired from the Gulf of Cadiz (GOC), is used to develop a 

regional-scale objective characterization of the seafloor morphology and detection morph structural 

anomalies, and comprehensive descriptions of many of the basic elements. A significant amount of the 

main morph structural features such as diapir, faults, scarps, pockmarks are identified and described in 

detail. 

The size and distribution of the features appear to be directly related to the intensity of sedimentation, 

which is reflected in the type of contourite drift formed. Also, a view from a wider perspective revealed 

a lateral variation in the distribution or location of the seafloor features across the basin. A clear contrast 
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in the deformation style and the resultant features in the south and the north of the study area is evident 

from the map. A comparison of location of the structural features permitted the definition of two 

distinct morph structural domains in this region. The first is the southern morphological domain, which 

is underlying an enormous accretionary wedge complex (or Olistostrome) and has a thinner 

sedimentary cover with multiple features (such as; morphological, structural, and erosional features) 

dissecting the sea floor. The northern domain on the other hand is only affected mainly by extensional 

tectonic. It also has a relatively robust succession of sediments and apart from a major canyon section, 

the northern domain has a comparatively smoother sea floor, as most the seafloor is not disrupted by 

the morphological features. 

Diapirism is the most prominent feature affecting the sea floor directly or indirectly. Extensive 

diapirism trending in the NE-SW direction is detected in the southern domain. The similarity of the 

trend to that of faulting previously mapped in the area demonstrates that diapirism is related to 

tectonics. Initially diapirism formed due to increase in stress, rapid sedimentation, fluid entrapment 

and gravity loading as accretionary wedge encroached into the basin during the Betic-Rif orogenic 

convergence in the Miocene. Further uplift /reactivation of the diapir or faults occurred during 

subsequent tectonic episodes during the Pliocene and Quaternary causing growth of the structures and 

distortion of the seafloor morphology as extrusive diapirs. The resulting diapirs can also induce the 

formation fluid escape features or scarps within overlying succession and or the seafloor. The direction, 

size, extent and architecture of the channels mapped is also similar to and partly dependent on the 

location size and direction of the diapir or diapir related feature. This implies that the diapir or a couple 

large other significant basement high can determine the distribution, type and size of the contourite. 

This demonstrate a correlation between diapiric structures, gas escape features (fluid chimney 

pockmarks and mud volcanoes) and some erosional features and contourite depositional system (CDS).  

In summary, the GOC continental slope has been affected by both tectonic and sedimentary process 

combined to create the morph sedimentary features seen in present seafloor, but the former exerts the 

most control. The degree to which the tectonic activity, sedimentation and erosion affect the area varies 

both spatially and temporally. Most of the features mapped are linked in some way to the diapirs while 

the diapirs are linked to faulting /tectonism. This finding consolidates the fact that GOC is a 

tectonostratigraphic and morph tectonic province and bathymetric data holds and plays important role 

in characterizing CDS and sedimentary processes in deep-water.  
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CHAPTER 5: SEISMIC STRATIGRAPHY 

5.1 Introduction 

There has been considerable work on the seismic stratigraphic features of the Gulf of Cadiz, especially 

across the Algarve basin and Spanish margins (Sierro et al., 1996); (Riaza and del Olmo, 1996); 

(Maldonado et al., 1999); (Llave et al., 2001, Llave, 2007, Llave et al., 2011); (Hernández-Molina et 

al., 2002, Hernández-Molina et al., 2006b, Hernández-Molina et al., 2014); (Marchès et al., 2010); 

(Roque et al., 2012); (Brackenridge et al., 2013) and (Hernández-Molina et al., 2015). These and other 

papers were reviewed in Chapter 3, and a synthesis of seismic stratigraphic units is shown in Figure 

5.1. 

 

Fig 5. 1Showing the evolution of GOC seismic stratigraphic interpretation in the past 20 years (Hernández-Molina et al., 2016). 
(Repeated from Chapter 3, Figure 3.11) 

Based on a careful examination of the seismic data available for this study and in comparison with the 

broader understanding from previous authors, this study aims to fill in some of the gaps in earlier work 

in order to get a better understanding of the sedimentary successions that make up the study area, the 

different tectono-sedimentary domains, and how the local structures affect the internal architecture as 

well as the location of the drift systems. Therefore, this chapter aims to use detailed seismic analysis 

to interpret the occurrence of the unconformities in terms of tectonic uplifts of surrounding structures. 
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The characteristic of the seismic units and seismic facies are studied with the aim of determining the 

sedimentary environment and the sedimentary evolution during the different known tectonic phases.  

Thus, this chapter aims to derive a more complete picture of the paleo-sedimentation and evolution and 

gain better knowledge of the tectonic and paleoceanographic settings of the area. This is done by 

studying the tectonic control on (i) contourite drift formation, (ii) general depositional architecture and 

internal stacking pattern, and (iii) tectono-sedimentary control and evolution of the contourite 

depositional system through the Pliocene and Quaternary. In essence, this work should show how 

different structures (e.g. faults and diapirs) and deformation episodes have affected the type, extent and 

location of the contourite drift produced, and the overall contourite depositional architecture. 

The chapter structure includes: a brief review of the methodology and database 

 
Fig 5. 2 A Map showing the structural subdivisions accretionary wedge complex Maestro (Maestro et al., 2003) et al  2003B) B)Map 
showing the regional geologic frame around the study area . The study area is the area within the red rectangle. It includes the 
Algarve basin and the northern part of the GOC (Gulf of Cadiz).  AUGU allochthonous unity of the Gulf of Cadiz, GB, Guadalquivir Bank, 
N-Ib  approximate Nubai–Iberian plate boundary, PB Portimao Bank (Ramos et al., 2017). 
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5.2 Methodology  
The general methods for seismic acquisition, processing and interpretation were outlined in Chapter 2. 

This section briefly introduces the specific approach used in this chapter. The seismic database is 

shown in Figure 5.3.  

The principal steps involved are as follows. 

1. Seismic interpretation: The definition and characterization of seismic units from the Miocene to 

present times and the main elements of their internal architecture. 

2. Well calibration: The IODP wells 1386 and 1367 are used to calibrate the interpretation and allocate 

approximate ages to the major horizons and taking into consideration all earlier studies.  

3. Identification of major horizons: Seismic horizons are selected on the basis of seismic-facies 

boundaries and unconformities.  

4. Seismic unit description: The seismic units are the depositional sequences between two bounding 

unconformities; these are described in terms of their acoustic properties (or seismic facies).  

5. Horizon grid-map creation: The grids are derived from horizons mapped via a gridding operation. 

To create a grid, the software mathematically interpolates distribution of the picked horizon to a 

specified series of grid nodes.  Gridding then converts the random horizon data to an XY orientation 

by regularly distributing values at the grid nodes. The created grids of each horizon are displayed as 

colour raster maps. The horizons are also viewed in volume views.  

6. Contouring: For contouring to take place, first a grid is generated from the input horizon using a 

simplified input distance gridding routine, then the contouring program does a bi-linear interpolation 

along the arm of each grid square and located the entry and exit point of each contour. The contours 

are then drawn according to the set output parameters.  

7. Computing isochron maps: The next step involved computing isochron maps of each seismic unit. 

The top bounding unconformity and the bottom unconformity for each unit are inputted into the 

computer isochron map window and an isochron is generated (Fig 5.4). 
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Fig 5. 3 A Shows the entire 2D TGS Nopec seismic lines made available for this project. The area-shaded red is the area analysed in 
detail.  B ) Bathymetric map   created from a complication of different projects (Zitellini et al., 2009) overlain  by the 47 of the 2D 
seismic lines TGS Nopec. The blue shaded area indicated liens analysed on a general basis for morpho-tectonic features from the slope 
to the abyssal plain. While the red shaded area is, the area analysed in more details and for thickness and   tectonostratigraphic 
evolution.  
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Fig 5. 4 The image is an example of the data required for computation of isochron on kingdom SMT software.   

5.2.1 Challenge 

In some areas, it was challenging to conduct adequate seismic interpretation. Factors such as seismic 

facies changes, intensive faulting, fluid escape features concentrated in the GOC (above the ACW) 

hindered an accurate generation of diapirs tectonic history and the interpretation of diapiric phases. 

5.3 Result  

5.3.1 Algarve + GOC Sea Floor Morphology  

The entire seafloor of the study area offshore Portugal and Spain was mapped. The map (Fig 5.5) shows 

most of the seafloor features to be resolvable on seismic profiles. Although this map is not as detailed 

as the bathymetric map, it shows the prominent features, which are probably the main features that 

have been triggered by tectonics and these may exact the most control on the sedimentation. From the 

contour map, the most obvious areas with topographic relief include areas around the shelf slope 

boundary, the large diapiric ridges, basement highs, channels and canyons, escarpments, and faults.   

As expected, the seafloor is shallower toward the north (upper slope shelf area) and becomes deeper 

towards the south (lower slope and basin deep basin). However, there is also a clear change from 

shallow to deepest section in a NE – SW direction.
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Fig 5. 5 Isobath map showing contour lines on current seafloor of the study area. The colour indicates broad isobath changes in TWT(seconds) .  
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5.3.2 Stratigraphy in the Algarve Basin  
 

 

Fig 5. 6 The stratigraphic columns from past work as presented in (Hernández-Molina et al., 2016) and the units and 
horizons  observed in this studies . The figure shows discontinuities mapped in this study and three other fairly recent 
studies. For this study (thesis) the abbreviations are as follows: SBD – Seabed, HD – Holocene Discontinuity, LQD-Late 
Quaternary Discontinuity, MQD-Middle Quaternary Discontinuities, EQD - Early Quaternary Discontinuity, PPBD - Pliocene 
Pleistocene Boundary Discontinuity, LPD - Late Pliocene discontinuity, MPBD - Middle Pliocene Boundary Discontinuity, 
LMD- Late Miocene Discontinuity  

Within the Algarve basin there a number drifts identified, they include Faro–Albufeira drift, 

Sagres drift, Portimoa drift, Lagos drift, and Bartolomeu Dias drift (Roque et al., 2012). 

Although a few horizons (seabed included) have been mapped for all the drifts, only a detailed 

study of the Faro–Albufeira, Bartolomeu Dias and Diego drifts are presented here. This is 

because the area with these drifts have dense a grid of seismic profile and IODP wells which 

provide age calibration. Nine major horizons were mapped (i.e. eight major discontinuities and 
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the seafloor) following seismic profile interpretation and well data calibration. The horizons 

are SBD-Seabed, HD-Holocene Discontinuity, LQD-Late Quaternary Discontinuity, MQD- 

Middle Quaternary Discontinuity, EQD-Early Quaternary Discontinuity, PPD-Pliocene 

Pleistocene Discontinuity, LPD-Late Pliocene Discontinuity, MPBD-Middle Pliocene 

Boundary Discontinuity, and LMD-Late Miocene Discontinuity.  

5.3.3 Definition of Discontinuities  

Seabed Discontinuity (SBD) 

This seabed discontinuity is a map of the present seafloor (Fig 5.6). It is relatively smooth 

except for some prominent morphological features. These include an outcropping basement 

high, referred to as the Guadalquivir bank, and the large channels, referred to as the Alvarez 

Cabral moat and the Diego Cao channels. The former channel is a very laterally extensive east 

to west moat in the north of the study area. The moat is u-shaped in cross section and truncates 

as chaotic deposits. The dimension of the moat varies along its length (Fig 5.7). Details of this 

channel have already been presented in chapter 4.4.7. The latter (Diego Cao channel) is also 

deep, prominent and extensive, with evidence of sliding and slide scarps or undefined elliptical 

to circular depressions.  

Late Quaternary Discontinuity (LQD) 

This surface represents the end of purely sediment aggradation and the beginning of the 

progradation accompanied by aggradation. Diapirs are absent from NE part of this surface (i.e. 

the red shaded area in Fig 5.3A) which means that by the late Quaternary, diapir movement 

was reduced. This corresponds to the hypothesis of less tectonism in the Quaternary. 

From the LQD horizon maps and seismic profiles, it is obvious that tectonic-related seismic 

deformation has reduced over time. The deeper Miocene horizon has the most deformation and 

irregularity while the Pliocene discontinuities have less topographic-related undulation and the 

seafloor is relatively the smoothest surface. The presence of highs on the paleo- seafloor 

affected the flow of the deep-water current, which in turn influenced the distribution, or 

location where each facies is deposited.    

Mid Pleistocene Discontinuity (MPD) 

Another evident discontinuity is the MPD, which marks a change in the sedimentary stacking 

pattern to a mainly progradational one. It is also erosional around highs (diapirs or basement 

highs). In parts of the basin, this discontinuity represents a hiatus that occurred between 0.7-

0.9 Ma.  
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Early Quaternary Discontinuity (EQD) 

EQD is a very extensive high amplitude reflector that is approximately 2.4Ma. This 

discontinuity appears as erosional truncations around the upper slope and topographical high 

(Fig 5.7). It corresponds to the MQD, MPR and H4 mapped by (Hernández-Molina et al., 

2016); (Brackenridge et al., 2013) and (Roque et al., 2012) respectively. This is a significant 

discontinuity, which represents change from one major sediment facies in PQ to a different 

sediment facies in Q1. Additionally, the EQD is a hiatus and marks the beginning of a major 

contourite depositional system and a relatively higher sedimentation rate. Along this surface, 

significant erosion is thought to have taken place, with generally greater erosion adjacent to 

highs. 

Pleistocene-Pliocene Boundary Discontinuity (PPBD) 

This discontinuity surface is approximately 2.5 Ma. It is a very important discontinuity onto 

which most of the subsequent sequences and bounding discontinuities onlap. The horizon is 

easily distinguishable because it shows high amplitude and continuity, which deepens south- 

westwards in the NW–SW lines. The discontinuity is initiated within the paleo-moat, deepens 

slightly, and shallows towards the Guadalquivir bank (GB). Note, there is a prominent diapiric 

ridge in the NE part of the area. The presence of the ridge changes the paleo-seabed in the NE 

from a single intraslope basin to two intraslope basins. Another diapiric ridge in the centre 

further splits the basin into three (fig 5.7). The extended/elongated valleys (the low region 

between two highs caused by diapirism) would have been the preferred path for current flow. 

These depressions also provide accommodation space thus the PPBD matches the U1 and P1 

previously mapped by (Llave et al., 2011), (Roque et al., 2012).  Sampling of PPBD in well 

U1387 and 1386 during the IODP expeditions confirmed that the surface is the base of major 

contourite deposition and drift building, although more minor contourite deposition 

interbedded with other facies began earlier (Hernández-Molina et al., 2016). 
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Fig 5. 7 Horizon maps for the NE area. (SBD- Seabed, MQD-Mid Quaternary discontinuity, EQD -Early Pleistocene discontinuity, LQD- Late Quaternary discontinuity). Unit of Colour bar is seconds  
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Fig 5. 8 Horizon maps for the NE area showing the changes on the seafloor during different geologic ages ( PPBD- Pliocene Pleistocene Boundary discontinuity, MPBD-Miocene -Pliocene Boundary 
discontinuity ,LMD- Late Miocene Discontinuity) Unit of Colour bar is seconds TWT
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Overall, the map of this horizon clearly shows a considerable depression in the middle part of 

the area, which is thought to be sagging because of uplift of the Guadalquivir Palaeozoic 

basement. Upon thorough analysis of maps together with SWIM bathymetry and seismic 

profiles across Faro drift, we find localized deformation and varying distribution of lows and 

highs, which are consequences of faulting and diapirism. Therefore, the highs relate to the 

diapir crests and the lows correspond to the flank. The diapirs affecting horizon PPBD although 

inactive in most places at present may have been active in late Pliocene before the major erosion 

that created PPBD. The diapir also had minor movement post PPBD as evidenced by the drag 

and shape of PPBD against most diapirs (see line 834 Fig 5.9). The deformation in the central 

part formed smaller basins in between several diapiric ridges and flanks of diapirs (Fig 5.9). 

The elongation trends of these depressions as shown by black dashed lines suggests that the 

MOW changed path and branches out whenever it comes across a growing diapir or reactivated 

diapir that is high enough to cause an obstruction and restrict the flow. Horizons show a 

considerable depression in the middle part of the horizon in the Pliocene. These highs created 

the right conditions for contourite deposition by confining flow in the past to the northern 

section of the GOC. Whereas later the more local interval geometry variation within the drift 

can be linked to presence and movement of diapirs within and along the slope. Also, this surface 

was affected by two major Guadalquivir bank uplift events followed by an intense period of 

high erosion. The consequence of uplift include creation of large basin (accommodation space) 

on the areas adjacent to the GB (Fig 5.7,5.18). 

Miocene -Pliocene Boundary Discontinuity (MPBD)   

As the name implies, this discontinuity marks the Miocene–Pliocene boundary and is dated   at 

5.3Ma. This discontinuity has been previously mapped (Llave et al., 2011), (Hernández-Molina 

et al., 2016) and (Brackenridge, 2014). Unlike the LMD, this discontinuity is relatively smooth. 

The horizon is shallow towards the north. 

Late Miocene Discontinuity LMD 

LMD is dated at ~6.5Ma, which makes it the oldest of the discontinuities mapped in this study. 

The geometry of the LMD discontinuity varies considerably from east to west and from north 

to south. It starts from the north at the paleo-continental slope and terminates against a 

basement high that outcrops in most places known as the Guadalquivir Bank, made of 

Palaeozoic basement. Overall, the MPBD horizon is shallower in the north near the upper slope, 

deeper in the middle and becomes shallow again around the Guadalquivir bank (Fig 5.7). 
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Fig 5. 9 Seismic profile PD00834 showing the discontinuities B) the same interpretations of A without the seismic line 
profiles PD00834. SBD – Seabed, HD – Holocene Discontinuity, LQD-Late Quaternary Discontinuity, MQD-Middle Quaternary 
Discontinuities, EQD - Early Quaternary Discontinuity, PPBD - Pliocene Pleistocene Boundary Discontinuity, LPD - Late 
Pliocene discontinuity, MPBD - Middle Pliocene Boundary Discontinuity, LMD- Late Miocene Discontinuity, Vertical scale is 
TWT  

Diapir 
X 
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The horizon makes a slightly convex upward shape but locally the surface is highly deformed 

by faults and diapirs piercing the seafloor. The LMD discontinuity is marked by high-amplitude 

continuous reflectors. It separates two very different seismic facies (an overlying chaotic and 

transparent body from an underlying high amplitude relatively more continuous unit. It is 

suggested that the elongate, narrow and deep areas are preferred pathways for paleo-current 

flow. In fact, there appears to flow in a dendritic pattern. These varying paleo-channel 

directions support the finding of mixed sediment facies in the M1 and P1 seismic units. 

5.3.4 Definition of Seismic Units 
Eight major seismic units are observed after seismic interpretation of each of these units are 

bound by a couple of discontinuities. The seismic units are M1, P1, P2, PQ, Q1, Q2, Q3 and 

Q4.  

Seismic Unit M1  

This seismic unit M1 is the oldest unit defined in the study area. It is very extensive as it can 

be mapped confidently on a regional scale (across the Algarve, Cadiz, Rota and Sanlucar 

basins). M1 as recognised here is Miocene in age, but more properly represents only the upper 

part of the Miocene (fig 5.11). The top of this unit is the 5.3Ma Miocene-Pliocene Boundary 

Discontinuity (MPBD). The exact age of what we consider the base of M1 is not given as the 

IODP well only penetrated the upper deposits of the unit. The assumed base discontinuity, 

which is referred to as Late Miocene discontinuity is selected based on the unconformity and 

the assumed age is an approximation based on past work. The unit is mostly chaotic and 

transparent in seismic facies, but locally (especially towards the south) at the top of the seismic 

unit the reflectors are more continuous with high amplitude. The top boundary has a lot of 

erosional truncations. Although the structures are poorly imaged, the area within the unit is 

highly deformed by sedimentary and tectonic structures such as faults, folds etc. The isopach 

map shows that the thickness of the sediments is more in the central part of the polygon while 

NE, NW and SW sections have relatively thinner unit deposits Fig5.12. There are locally some 

patches with comparatively thicker sediments. These patches increase in the SE direction and 

are separated by more elongated and thinner sections. 

Note the area with thicker sediments is a representation of availability of larger accommodation 

space (e.g. intra-slope basins) and the thinner section is representative of areas above the crest 
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Fig 5. 10 Isopach maps showing the thickness distribution of all the units mapped. Q1, Q2, Q3 and Q4 (Q- Quaternary). Unit of Colour bar is seconds TWT  
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Fig 5. 11 Isopach maps showing the thickness distribution of all the units mapped PQ, P1, P2 and M (P-Pliocene, Q-Quaternary, M- Miocene). Unit of Colour bar is seconds TWT 
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of diapiric ridges Fig 5.12. Also, there are thick areas (A, B, C and D) separated by thinner 

areas in Fig 5.12. The overall thickness appears to increase in SE direction and SW direction. 

The area labelled A has considerable thickness; however, this is smaller relative to D.  In the 

upper slope, there are also three thick areas identified (X, Y and Z), which coincide with some 

N-S trending channels Fig 5.12. The isopach of M1 also reveals that C is very close to D but 

there is significant difference in the thickness of D as opposed to C. The changes in thickness 

on the isopach map suggests mainly sediment input from NW, NNW direction to the SSE via 

the small upper slope channels. The shape of the thick section suggests there was also influence 

of some NE-SW or ENE-WSW sediment supply on the deposition. It is noteworthy that the 

thickest areas are in between diapirs. This supports the earlier finding in chapter 4 that the 

depression around the flanks of diapir create intra-slope basin and accommodation space.  The 

diapir also served as and obstacle that helped guide the flows. Analysis of the isopach map 

gives a general indication that the study area, after the MPBD at 5.3Ma, experienced 

predominantly downslope processes and sediment input from the onshore Algarve basin and 

the Guadalquivir basins.  

Seismic Unit P1  

This section has laterally continuous seismic reflectors. These show toplap onto the upper 

bounding discontinuity (the lower Pliocene discontinuity, ~ 3.5Ma) and downlap onto the 

Miocene-Pliocene boundary discontinuity (~5.3Ma). The unit has both semi-transparent and 

semi-stratified reflectors with medium to low amplitude. At the top of the unit the seismic 

facies are continuous and strong whereas toward the bottom of the unit the reflectors are 

weaker, more transparent and more chaotic. This change in reflection strength implies a change 

in the sediments that was imputed into the Algarve and Cadiz basins during early to mid-

Pliocene from a muddier to sandier lithology (Hernández-Molina et al., 2014). The seismic 

facies is smoother, has a higher amplitude and more continuous reflectors within the Algarve 

basin (intra-slope basin A). Whereas, the seismic facies trend of the basin around the Northern 

flank of the GB (intra-slope basin B) P2 is the opposite (more chaotic). This is perhaps an 

indication of presence of MTDs (Fig 5.6).  
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Fig 5. 12 a) Isopach map for the M b) red dash – showing overall trend, black line- area with relatively higher thickness 
values, white arrow – showing increasing thickness in NW. Unit of Colour bar is seconds TWT 

The geometry of P1 is a sheeted drift. The unit P1 correlates with U1 (Roque et al., 2012). This 

unit is missing in the north (upper slope area). The patches of thicker sections (increasing in 

thickness towards the south) observed in P1 are like those described in M1. The thicker sections 

of P1 are more laterally extensive than M1, and have elongate shapes trending in the ENE- 
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WSW direction, perhaps extending all the way to the west of the study area Fig 5.11. There is 

only a small section with N-S trending thickness. The distribution of the sediments within this 

unit suggest deposition in the P1 period was predominantly in the NE-SW (perhaps sourced 

from the Guadalquivir basin) with only a limited input in the N-S (i.e. less from Algarve basin) 

(Fig 5.11).  

Seismic Unit P2  

This unit is laterally extensive like P1, but with higher amplitude reflectors from top to bottom. 

This represents a sandy succession (Hernández-Molina et al., 2016). The reflectors mainly 

onlap onto the base discontinuity which is LPD. The top bounding discontinuity unit is the 

Pliocene-Pleistocene boundary discontinuity (which is known as BQD). This is a relatively thin 

seismic unit. It is present in the middle slope and absent in the northwest and the southern part 

of the study polygon (Fig 5.14). Unlike for M1 and P1, P2 is thickest in the SW. The other 

thick parts of these units are elongate and aligned in the NE-SW direction. The elongate nature 

or narrowness of the thicker part of P2 units is because the sediments were only deposited in 

the narrow intra-slope basin caused by the uplift of diapirs (Fig5.11). The accommodation 

space in the SW is a lot less restricted, located in a deeper part of the basin, hence the thicker 

sediment there. These characteristics suggests that the sediment input may have come from the 

Guadalquivir basin. This unit marks a major erosional phase (Roque et al., 2012) in the Algarve 

basin. And the unit P2 can be correlated to the unit part of U2 (Roque et al., 2012), P1, P2 

(Llave et al., 2011), part of P3 (Brackenridge, 2014) and PIII in the  (Hernández-Molina et al., 

2016).  

Seismic Unit PQ  

Seismic unit PQ is very distinct. This section has weak, almost transparent chaotic seismic 

reflectors. It is bounded at the base by the Pliocene-Pleistocene boundary discontinuity (PPBD) 

and at the top by the Early Quaternary Discontinuity (EQD). This unit is Pliocene to Quaternary 

in age (Hernández-Molina et al., 2016). Within the unit is evidence of intense erosion, and also 

of intense erosion after deposition of the unit. The isopach shows an absence of PQ in the upper 

slope, and diapir(s) in the area around basement high (GB) Fig 5.9. This might be attributable 

to erosion of part of the PQ by EQD (Hernández-Molina et al., 2016). PQ is thickest and most 

continuous in the deepest basin and also in the intra-slope basin south of the prominent diapir 

(fig 5.9, 5.11). 
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Fig 5. 13 a) b seismic profile of TGS-Nopec line PD00 835 highlighting the characteristics of unit P1 and showing the 
stratigraphy and relevant morphological features b) Black arrow represents interchannel deposit, white arrow represents 
possible direction of input from North. Orange arrow stands for the direction of input from Guadalquivir basin. Unit of 
Colour bar is seconds TWT 

Chaotic seismic 
MTD’s 
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Fig 5. 14 a) Isopach map of unit P2 b) schematic interpretation of isopach map of P2. Black arrow- the major direction of 
deposition. Unit of Colour bar is seconds TWT.   

 

a 

b 
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Seismic Unit Q1 

This seismic unit is bounded to the top by the Middle Quaternary Discontinuity (MQD) and to 

the base by the (laterally extensive high amplitude) early Quaternary discontinuity (EQD) 

Fig5.8. This is a significantly thick unit with some sub-units separated by minor discontinuities.   

Unit Q1 appears to be aggradational and unconformably overlying the PQ mostly around the 

lower middle slope but is more progradational towards upper middle slope and absent around 

upper slope. Q1 is also absent in the south of the study area (that is around the GB and above 

the AWC) (Fig 5.8, 5.10. The drift in unit Q1 transitions from a low-mounded drift in the north 

to a more sheeted drift towards the south. Additionally, Q1 has both high amplitude reflectors 

(towards the top of the unit) and low amplitude reflector (at the base of the unit). Specifically, 

unit Q1 has two minor sub-units, the base sub-reflector has weak semi-chaotic reflectors while 

the top sub-unit has a strong laterally continuous reflector. The sub-units with higher acoustic 

impedance are thought to have higher percentage of sands and vice versa (Hernández-Molina 

et al., 2016). Also, the occurrence of both aggradational and progradational parts within Q1 has 

been interpreted as the alternating deposition of turbidite and contourite facies respectively 

(Hernández-Molina et al., 2016). Moreover, change from aggradation to progradation in this 

unit indicates a period of increased sediment supply to the slope at a rate of 25 to 40cm/ky. The 

low nature of the mound toward the north can be attributed to low intensity current (Faugères 

et al., 1999). In well data, this section predominantly marks the beginning of major contourite 

deposition. 

Seismic Unit Q2 

Q2 unit onlaps onto the base discontinuity, which is the mid-Quaternary discontinuity (MQD) 

and toplaps on the late Quaternary discontinuity (LQD). The base of this discontinuity 

correlates H4 (Roque et al., 2012), Mid Pleistocene revolution (Brackenridge, 2014), and mid 

Quaternary discontinuity (Hernández-Molina et al., 2016). The reflectors around the diapir- 

related folds appear to have been eroded by later sediments hence the erosional truncation of 

the reflectors onto the late Quaternary discontinuity.  This unit is mostly aggradational and 

slightly progradational toward the north (upper slope). Q2 like Q1 starts as a mounded elongate 

drifted landward, which transitions into more sheeted drift basinwards. This seismic unit is 

made up of mainly continuous medium–high amplitude stratified reflectors. However, the 

strength of the reflectors changes laterally. Also, in the north, strong reflectors overlie a set of 

medium strength reflectors while towards the south all the reflectors are weak. Locally, unit 

Q2 has some faults this is especially above diapirs and around area with steep slope. The area 

of highest thickness shifts from the middle slope as seen for Q1 to the upper slope in unit Q2.  
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Seismic Unit Q3 

This unit is sandwiched between the late Quaternary and the Holocene discontinuity. Q3 unit 

is the least extensive and the thinnest sedimentary units analysed.  The unit is thicker and 

progradational towards the north, thins out, and disappears towards the south. Therefore, it has 

only been mapped in the north of the study area. The transparency of the reflector in unit Q3 

changes spatially and thus appears to have varying subunits. The weakest set of reflectors 

downlap onto late Quaternary discontinuity. The 2nd and 3rd subunits units (within Q3) both 

have strong reflectors, the former toplaps onto the Holocene discontinuity (HD) while the latter 

onlaps onto the 2nd subunit Fig5.8.  The lower acoustic impedance in parts of the Q3 suggests 

a more mud-rich facies.  

Seismic Unit Q4 

Q4 is the most recent seismic unit spanning from the Holocene discontinuity to the current 

seabed (SBD). The seismic facies of this unit changes across different basins.  The unit changes 

from a chaotic weak to strong reflector in the north to a more continuous but transparent (weak 

reflector) towards the south. The reflectors downlap onto the Holocene discontinuity. The unit 

in the upper slope has a sigmoidal shape, which suggests a progradational stacking pattern. 

Although Q4 is generally thicker and slightly more extensive than Q3, the overall distribution 

of both units is similar. That means thicker and progradational around the upper slope and 

thinner around the GB. The isopach map shows the thick elongate section trending in the ENE-

WSW direction. Also, greater thickness can be seen in the west and southwest area and within 

the Deigo Cao Channel. Unit Q4 appears to be incised by 3 major contourite channels in the 

Algarve basin (and a lot more if those from other basins like Cadiz and Donana are considered). 

The unit shows several internal erosional truncations, in the Algarve basin. The seismic facies 

within this unit is weaker and with parallel to subparallel reflectors. Sedimentation rate is about 

20 cm/Ky in Algarve basin but higher than ~60cm/Ky in the Cadiz area.  If the Q1 isopach and 

the seabed discontinuities are analysed side by side, it is found that the relatively thicker areas 

are adjacent to the major contourite channels fig 5.10.  

 

5.4 Discussion 

5.4.1 Tectonic Effect on Sedimentation  

The tectonism in this area has influenced the type, location and size of the sediments. Different 

types of sediments were identified from the seismic facies analysis; they include mass transport 

deposits, contourite drifts, drape deposits and, possibly, the interbedding of turbidite and 
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contourite facies. Within each of the broad categories mentioned there are also some 

differences indirectly related to tectonism.  

5.4.2 Tectonics and Contourite Drift Formation  

In the study area, there are several drifts, including the Faro drift, Albufeira drift, Guadalquivir 

drift, Sagres, Lagos and Portimao etc. Drift architecture, drift size, and drift type reflect the 

different tectonosedimentary process. There is a major topographical change between the 

Algarve basin sea floor and the basins within the GOC such as Sancular basin, Donana basin 

and Cadiz basin. For instance, the Algarve basin especially the area north of the GB is the most 

well developed and prominent basin. Although in some local areas affected by diapiric 

intrusion, a lot of the paleo-stratigraphy is well preserved. On the other hand, the AWC area 

which is south of the GB has experienced considerable uplifts (or upward diapiric movement). 

This leads to development of channels and increased erosion in the area. The interpretation of 

the vertical seismic profile, the horizons and the isopach maps of each gives an insight as to 

how a contourite depositional system is affected by multiple stages of tectonic movement. Here 

three drifts are analysed, they are Faro drift, Bartolomeu Dias drift and the Guadalquivir drift. 

We aim to analyse two drifts (Faro and Bartolomeu Dias) within the same basin (Algarve 

basin). Also, of significance are comparing the characteristics of a drift (Faro drift) from one 

tectonic setting (Algarve basin) to the drift (Guadalquivir drift) in another tectonic setting 

(Donana drift).  
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Fig 5. 15 a) isopach map of Q4 showing the distribution of sediment thickness b) Horizon map of seabed discontinuity black 
arrow shows the direction of the flow of the MOW via channels. White arrow the direction of deposit off channels. Unit of 
Colour bar is seconds TWT 
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Fig 5. 16 Schematic showing the how the sediment input source evolved through from the Miocene to Present.  Blue arrow 
indicating N-S input from the northern part of the Algarve basin. Black arrow represents the NE-SW input of sediment from 
the Guadalquivir Basin, and purple arrow is for the input from the MOW via contourite channels.  
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Algarve Basin 

Faro / Albufeira Drift  

The Faro drift is an elongate-mounded separated drift located parallel to the margin SE of Faro 

in the Algarve region in South Portugal (see Fig 5.18). It is relatively one of the largest 

(approximately 50km long and the 500-600m thick (Llave, 2007), (Terrinha et al., 2003) and 

one of the most mature drifts in the Gulf Cadiz of region (Roque et al., 2012). The drift is 

bounded to the north by a prominent channel called the Alvarez Cabral moat (through which 

some of the MOW flows) and extends ~ 50km towards the middle slope.  

Several tectonic structures are identified in the Miocene, Pliocene and Quaternary units that 

appear to have affected the Faro drift. They include diapirs, faults and folds and the 

Guadalquivir basement high (GBH) Fig 5.18. The topographic and structural features observed 

control the size, location and internal architecture of the drift. The synsedimentary faults cause 

sliding and slumping of some of the drift sediments. The stacking pattern in this drift shows a 

change from aggradational during Pliocene to late Quaternary (P1, P2, PQ, Q1,) and   

progradational from late Quaternary to Recent (Q2 and Q4). The syntectonic diapirism affected 

most of the older sequences. Basically, the diapirs were active during P1-Q2 thus creating 

synclinal depressions. These depressions served as accommodation spaces suitable for 

aggradation. Between Q2 and Q4 the diapirism on most of the diapirs had stopped except one. 

This explains why the most Q2–Q4 for Faro–Albufeira drift is not penetrated by diapirs. Pause 

in the upward movement resulted in pause in development of the associated topographic lows 

which meant reduced accommodation space. Low accommodation space in addition to high 

rate of sedimentation during the late Quaternary prompted the evolution of the drift from an 

aggradational to a mounded progradational drift architecture.   

Bartolome Dias Drift (BDD) 

Farther basinward, the mounded–sheeted Albufeira–Faro drift merges with an extensive 

sheeted drift known as Bartolomeu Dias (Vanney and Mougenot, 1981). The Bartolomeo drift 

is located approximately 50km off Faro and is bounded to the south by the Guadalquivir Bank 

(GB). The GB is a structural high composed of Palaeozoic rocks outcropping on the seafloor 

at a depth of 550m in the mid-continental slope about 100km from Faro. The GB is thought to 

be an extension of the Hercynian basement but formed in the Triassic rifting (Vegas et al., 

2004), (Dañobeitia et al., 1999). 
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Fig 5. 17 Seismic profile (PD00835) Shows some Mass transport deposits (MTD’s)main horizons highlighting horizons that marks the start of 

 major uplifts 
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This BD Drift is a sheeted drift and is bounded to the west by a large contourite channel (Diego 

Cao channel) (fig 5.18). Towards the east, this channel started off restricted but towards its end in 

the north west it became shallower and wider before disappearing. The channel is relatively recent. 

Assuming a contourite drift is a product of the closest contourite channel, the BDD must have 

formed as a result of sediment being transported via the Diego Cao channel. The sheeted drift 

accumulated in a large basin formed as a result of uplift of the Guadalquivir bank.  

The isopach and horizon maps show that the only topographic high around the basin where the 

BDD was deposited is the GB. The lack of restriction or division in the southern part of the 

Algarve basin created open accommodation space. The lack of diapir obstacles and other 

topographic highs in the northernmost part of the Diego Cao channel made the channel spread 

out, consequently leading to reduced MOW velocity and deposition of the sediment load over a 

wide area. Development of BDD, which is such an extensive, relatively undeformed sheeted drift, 

occurred as a result of lack of tectonic or morphologic high which leads to spreading out of 

channel, reduced velocity and smooth accommodation space. Given the location of Bartolomeu 

Dias drift along a gentle slope area, and its deposition by low velocity current and according to 

the classification  presented  by (Rebesco et al., 2014), it is most likely a plastered drift .   

Donana Basin  

Guadalquivir drift  

Guadalquivir drift occurs at the foot of the steepest part of a major structural high (that is the 

Guadalquivir Bank). This drift is quite complex and appears as if it has some overlapping 

characteristics of different drift types. The drift appears to have cut-and-fill deposits, and this is 

another consequence of its closeness to an over-steepened topography with evidence of the 

occurrence of mass movement (from the GB) and associated erosion or non-deposition of 

sedimentary packages. 
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5.4.3 Tectonosedimentation Related to MTD’s  

The mass transport deposits studied in seismic are characterised by the chaotic, transparent to 

discontinuous internal reflectors. From the data, only the most recent MTDs were mapped, but 

some prominent MTDs are also observed within Unit PQ. These MTDs occur locally around 

the foot and/or flanks of topographic highs such as diapirs and basement highs (e.g. GB). MTDs 

also form contributed drifts at the foot of Guadalquivir Bank. The MTDs have been studied in 

detail in chapter 4. Below, there is a brief description about the effects of GB tectonics on the 

distribution of MTDs in the region.  

Channel Infill 

The topographic highs and diapirs can become over-steepened by erosion by a strong current. 

The already deposited sediments are truncated by repeated erosion and or non-deposition. This 

is evident by the presence of cut and fill features within the channels (fig 5.17). The several cut 

and fill features within the channel or in areas thought to be paleo-channels suggest that the 

area has undergone different phases of erosion and deposition. Continuous erosion and 

deposition cause over-steepening of the GB leading to sliding on the southern flank of the GB 

and MTD deposition within the channel (Fig 5.17). 

5.4.4 Tectonosedimentation Related to Diapirism  

Analysis of the overburden architecture around a diapir gives records of the timing of the 

underlying diapir (Trusheim, 1960). In this study interpreted seismic profiles are used for the 

analysis to do this. 

Northern Diapirs 

In the north of the GB, there appears to be difference in the timing of diapir activity. The older 

diapirs have clear large bounding faults, their movement occurred in the mid-Miocene, and 

during the later Miocene the diapirs became passive. This is evident from the slightly thinner 

sequences in the crest as opposed to thicker sequences observed on either side of the diapir.   

The drape folding of the sediments form pseudo-syncline and anticlines around the diapir and 

continued until after early Quaternary. The apparent convex and concave shape of seismic unit 

M1 - PQ are due to folding of sediments that draped over diapir. The mid-Quaternary high 

velocity currents eroded parts of the Q1 deposits especially the deposits on the anticline (which 

correspond to the crest of the underlying diapir). The diapirs below did not experience any 

further upward movement hence the smooth Quaternary sequence (Q2, Q3, and Q4). Another 

example of a different amount of diapir motion can be seen in (Fig 12). There is both thinning 
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and upturning of sediments around the flank of the diapir x, from the MMD to the HD. In 

addition, there are smaller unconformities within the seismic unit featuring as younger 

discontinuities onlapping onto older ones. All these characteristics suggests there has been 

passive diapirism since the MMD to Recent times. That means the salt from deeper section 

(Triassic evaporites) periodically inflates and lifts the cover during sedimentation. 

AWC Front Diapir  

The seismic profiles show a large volume of chaotic section (the Accretionary wedge complex) 

in the SE of the Guadalquivir bank appearing to move both laterally and upward. Fig 5.7 and 

5.10. Between the mid-Miocene discontinuity LMD and the MPBD there is little or no seismic 

facies change towards the AWC diapir. However, after the MPBD the thickness of the seismic 

unit decreases towards the flank of the diapirs. The upward movement of this body of sediment 

started at about MPBD (5.3 Ma). In summary, around the AWC, the crest of the upward moving 

chaotic body has numerous normal faults. There is arching (a strong upward deformation) of 

the other adjacent beds to its side of the AWC diapirs. Most importantly there appears to be 

slight elevation of the roof of sediments above these AWC diapirs above the datum.  This is 

evident from the roughness of the seafloor south of the Guadalquivir Bank.    

The listed characteristics is like those expected for an active diapir. Therefore, it can be inferred 

that the chaotic body (AWC) experienced activity (including but not limited to upward 

movement) since the MPBD (5.33Ma). However, it is worthy of note that in the units between 

PPBD and LQD, the younger deposits on older deposits was more pronounced and show 

significant thinning towards the AWC. This suggests that PPBD the local basin (Donana basin) 

experienced active diapirism prior to MPBD and passive between MPBD and PPD. The rate 

of movement increased significantly around the PPBD-MQD (2.58Ma-0.8Ma). After which it 

continued but at a slower speed until the Holocene. A mixture of chaotic sections within an 

otherwise laterally continuous unit formed as the allochthonous body rises and sheds some 

sediments adjacent to the intra slope basin. These are deposited as mass transport deposit 

(MTDs). 
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Fig 5. 18 Seismic profile PD00824 showing the contourite channels and associated drifts  
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5.4.5 Tectonosedimentation Related to Guadalquivir Bank 

The Guadalquivir bank is a morphological high located in the middle slope approximately   

100km south of Faro. GB is one of the most prominent features that can be observed in the 

study area hence it is used as the case study. The Guadalquivir Bank greatly affected the 

sedimentation in the study area as a barrier to the advancement of the Guadalquivir 

allochthonous front during the Late Tortonian. It also affects the direction of a couple of MOW 

arms during the Holocene to present day. The presence of GB and its subsequent uplift affected 

the distribution of different sedimentary facies.  

Previous analysis has shown that the GB comprises Variscan basement rocks (shale, volcanics, 

greywackes, quartzites etc), lithified carbonate sediments (Vegas et al., 2004). The southern 

part of the banks is underlain and overlain by ACW and Guadalquivir drift respectively. It can 

be observed that the Bank is asymmetric with a very steep southern flank and a steep northern 

flank with some normal faults. The north and the north-western flank is smooth to medium 

steep slope (ranging between ~ 5-30 degrees) whereas the east to southern flank appears to be 

irregular in parts and relatively steeper (>15 degrees). The steep southern flank of the GB is 

affected by mass wasting processes, some of which is deposited within a major channel 

(Guadalquivir channel) or mixed with the Guadalquivir drift both south of the GB. In addition, 

the northern and southern flanks of the GB have E-W and ENW- WSW faults respectively 

(Lopes Cardozo et al., 2002). This is an indication of a tectonic activity. The seismic 

architecture of the sequences adjacent to the GB has undergone different phases of uplift. The 

southern flank on the other hand has a large southward dipping fault that displaces the sea floor 

by several meters. The ages of movements of this fault is difficult to interpret but the sequences 

in the area south of the GB have been interpreted as showing synsedimentary deposition. The 

GB acts as an obstacle to the flow of MOW in the basins hence prompting the development of 

contourite drifts. However, the uplift of the bank also affects the shape of the basin and the 

overall architecture of the drifts that are developed. The differences in the size of the bounding 

fault affects the steepness of the GB flank and the architecture and type of sedimentation in its 

surroundings.  

The Implications of Movement  

The movement of this chaotic body resulted in the deformation of a paleo-seafloor adjacent to 

the body and intra-slope basin(s) formed. In addition, the movement leads to varied thickness 

distribution across each seismic unit (Fig 5.9, 5.14). The thickness variation is important for 

petroleum prospectivity. Mapping the areas around the uplifted body with evidence of sediment 

(or breccia deposits) that shed from the crest, is critical. This is because their physical properties 
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will be different from the other facies in the same unit. Such sediment variation is included 

during petroleum system analysis and volumetric calculation. There is a significant variation 

in the thickness of the stratigraphic units across the GOC area. In the middle slope the units 

thickness ranges between 2 and 2.5 seconds, in the lower slope between 2-3.5 and ranges 

between 2-2.4sec in the abyssal plain. The thickness of the stratigraphic units also varies 

laterally. Toward the south of the study area there is sufficient decrease in the thickness of the 

sediment due to the Guadalquivir bank and the large proportion of the sequences are affected 

by diapiric structures intrusions. The thickness of the sediments decreases around extrusive 

diapirs, but thickness is only slightly affected near buried diapir. Onlap and Offlap termination 

patterns shows that the deposition occurred syn diapiric movement.  

Three NE–SW depocentres are evident in the GOC. One of them is the Faro-Albufeira 

mounded drift Q-I which has a maximum thickness of 200ms. There is another depocentre with 

an approximate thickness of 300m around the Bartolomeu Dias sector. The third is in the 

southwestern part of Faro drift with a thickness 250ms. 

 

  
 Fig 5. 19 Isopach map of Miocene SeaBed Unit of Colour bar is seconds TWT 
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Fig 5. 20 An example of the structural and isopach map (TTWTs) of Aquitanian-lower Tortonian (early to late Miocene) 
Lopes et al 2006 

The faulted and highly deformed Miocene section (as shown in Fig 5.19) confirms the study 

conducted   by Lopes et al 2006 (FIG 5.20). These Miocene structural and topographic features 

controlled the local architecture of the sediments above it. This deeper section (M1) has caused 

the deformation, fracturing, redistribution or sedimentation of sediments since the Pliocene to 

Recent times. The faulting and diapirism in the area have also affected the type of facies 

present. The effect of tectonic movement is more evident in the seismic around topographic 

highs, near faults scarps extrusive diapirs and diapiric highs. The MTD facies, for instance, 

have local distribution mostly from faulted escarpments, outcropping banks or extrusive 

diapirs. The occurrence of mass movement deposits around the GB confirms the uplift around 

the Bank.  

Evolution Story M-Present  

Salt movement was intense between the Lutetian and the Oligocene and later between the 

Tortonian and the Messinian after which it reduced. (Roque et al., 2012). 

Basically, during the mid to late Miocene, the study area experienced intense instability due to 

several tectonic activities such as uplift in the Gorringe Bank, migration of the allochthonous 

unit towards the west and compression events caused by convergence between the African and 
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Eurasian plates. The compression events also caused intense diapirism. The tectonism and 

resultant diapirs and horst and graben structures in the area explain the deformation in the unit 

M1 and the irregularities observed in LMD. Note that the reflectors in this unit M1 are not 

continuous. This implies that deposition might have taken place via different sources and 

irregular sediment transfer pathways e.g. due to the presence of diapirs highs and related sub-

basins). The P1 deposits then fill and nearly smooth out the irregular late Miocene discontinuity 

morphology except for a few extrusive or highly intrusive diapirs. The deposits in these 

sections experienced differential movement as the diapirs experienced uplift again. In addition, 

during the Pliocene there was evidence of multiple periods of erosion and redeposition as 

evidenced by the numerous unconformity and erosional truncations observed. The well data 

also showed a lot of mixed deposits (contourite and turbidite) and some reworked turbidites 

(Juan et al., 2016). Note that these units are also laterally extensive. In the Pliocene, around 

5.3Ma, there was major plate movement which triggered a lot of processes. One of these 

processes was the opening of the Straits of Gibraltar. The MPBD (~5.3Ma) also marks the 

beginning of another phase intense diapirism of diapir rise especially around the AWC front.  

Between MPBD and MQD there was local differential active diapirism in the area. During this 

period, both the Algarve Basin and the Basins within the GOC experienced diapir growth but 

the rate was much less in the former. The proof of this movement on seismic profiles are: (1) 

the chaotic sediments within the basin adjacent to the large structures (these are MTDs  

deposited  due to periodic shedding of sediments from the crest of a rising structure); (2) rotated 

unconformities and a few growth faults; and (3) normal faulting and graben formation in 

sediments over the diapiric crest. Because of the diapirism and subsidence in this time, 

intraslope basins formed. Accommodation space was more than the amount of sediment input 

and as a result, the seismic facies exhibited an aggradational stacking pattern. 

The Q2, Q3 and Q4 represents a period of rapid sedimentation. However, only the northern 

part of the study area (Algarve basin) appears smooth since the Holocene. The southern region 

(GOC area) experienced similar sedimentation rate but the diapirs and diapir related folds are 

not buried.  This is because the diapir movement stopped or slowed in most northern region. 

Whereas in the south, AWC diapir movement continued up until recent times. The movement 

in the AWC diapirs meant the intraslope basin continues to have good accommodation space. 

In addition, the lows around diapirs served as channels for the MOW, which meant the area 

also experienced intense erosion. There was more deposition and erosion hence a thick drape 

of sediments covered the diapirs in the south in the Quaternary.   
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The diapir activity stopped or slowed in the Algarve margin between MQD and SBD. This, in 

addition to the high sedimentation rates during that period, made for little or no intraslope basin 

accommodation space. Consequently, the whole area was draped in a thick pile of Quaternary 

deposits. Most of the diapirs in the Algarve margin were buried with the exception of one, 

which showed evidence of slight movement through Quaternary. The intraslope basins filled 

up and no longer acted as channels for MOW. In fact, only two large channels (Diego Cao and 

Alvarez Cabrez served as conduits for MOW. The Alvarez Cabrez was the main channel and 

it formed around the along the foot of the upper slope, probably initiated within a major fault 

zone. The filling of the intraslope basins lead to a transition from aggradational to a 

progradational stacking pattern. The progradational and mounded aggradation pattern is most 

evident for the Faro drift because the sediment deposited within Q2 and Q4 were mainly 

derived via the Alvarez Cabrez channel. As the intraslope basin was full, the sediment began 

to prograde and the channel also avulsed northward. The mounded nature of the Faro drift   and 

the more sheeted nature of the Bartolomeu Dias drift is largely due to greater tectonic influence 

on the former and a general lack of tectonic activity for the latter. 

5.5 Conclusion 

The discontinuities studied here each have imprints of the pre-existing structure (that affected 

the paleo sea floor morphology) or present active structures. The major unconformities are 

related to known tectonic events and the tectonic events are due to the following; the closeness 

of the study area to the Betic and orogenic belts, the movement of the SMQF fault, (Roque et 

al., 2012) and the relative proximity of the area to the AWC . 

 The shape, geometry, and degrees of irregularity of each discontinuity vary from one part of 

the study area to another. Consequently, each horizon will affect the shape, location and size 

of an overlying unit (s).  There is varied genesis of the paleo pathway for flowing, this can be 

depressions created by diapirs, fault of uplift of a basement, or slope shelf boundary. 

The seismic profiles analysed presents detailed analysis of diapirs and their associated 

sediments during deposited or deformed during both active and passive tectonic regimes. 

Diapirism is responsible for the local deformation of sediments. The effect of the dynamic 

interplay between salt tectonics and sedimentation is visible on seismic profiles. Numerous 

individual cycles of passive and active diapirs was observed in the study area, more within the 

Donana basin than within the Algarve basin. The diapirs is thought to control the drift location 

by creating accommodation space and the drift type.  For instance, the sediments around and 

above the AWC is more deformed by diapirism, which result in the creation of multiple 

intraslope basins and consequently numerous paths for fluid circulation. This implies that the 
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presence and movement of diapir was a key factor that drove not only the internal architecture 

and location of the drift in the southernmost part, but also drift development in the northern 

part. 

The most prominent structural high in the area mapped is the Guadalquivir Bank (GB). This 

feature appears to have had the most effect on the drift. The GB affected the uniformity / 

thickness of the seismic unit. Movement of the Guadalquivir bank also triggers mass transport 

deposit event.  

Basically, the acoustic seismic configuration of the deposits on a regional scale is affected by 

the depositional processes /currents whereas on a local scale the configuration is affected by 

the morphology and underlying structures. Tectonics had direct or in some area’s indirect 

controls on sedimentation. The fault and diapir induced subsidence, caused formation of basins. 

The NW-SE to NNW_SSE compression phase enhanced the folds of the basin (Roque et al., 

2012). Therefore, fault, diapir and folds controlled the thickness and lateral distribution of the 

sediments and sediment drifts.
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CHAPTER 6: SEDIMENTS AND TEXTURES 

6.1 Introduction  

Having examined the large-scale seismic stratigraphic framework (Chapter 5), and the medium-scale 

geomorphological context (Chapter 4) of the Gulf of Cadiz study area, this chapter focuses on the 

small-scale sedimentary facies and their characteristics. 

Since the recognition of both downslope processes (from the 1950s) and along slope processes (from 

the 1960s) operating in deep-water, as well as the ubiquitous pelagic (vertical settling) processes, there 

has been much written on their respective deposits (see, for example, (Stow, 1996); (Shanmugam, 

2000); (Hüneke and Mulder, 2011); (Pickering and Hiscott, 2016). Although facies models for these 

different deposits are now well-documented, there is still much controversy on the detailed criteria for 

distinguishing between these facies, specifically turbidites, contourites and hemipelagites  

(Shanmugam, 2000, Shanmugam, 2008, Shanmugam, 2012b, Shanmugam, 2013); (Martín–Chivelet 

et al., 2008, Martın-Chivelet et al., 2003); (Mulder et al., 2006, Mulder et al., 2008); (Rebesco and 

Camerlenghi, 2008); (Stow and Tabrez, 1998, Stow, 2002b, Stow, 2008); (Mutti and Carminatti, 2012).  

This results in part because: (1) there are several different types and scales of both turbidity currents 

and bottom currents; (2) there is a continuum of processes and facies, so that the facies models are end-

members on a spectrum of process and deposit; and (3) all three facies can be closely interbedded, 

particularly in continental margin successions( Fig 6.1) (Stow and Smillie, 2020).   

Despite much petroleum exploration and scientific research interest in the Gulf of Cadiz over the years, 

the same ambiguity regarding the challenge in facies differentiation still exists in this area. This is 

partly because the region straddles the African and Eurasian plate boundary and as such, it is a region 

of varying tectonic activity. The variation of tectonic activity resulted in a very complex assemblage 

of morphological and sedimentological features (Hernandez-Molina et al., 2003); (E. Gràcia et al., 

2009); (Llave, 2007); (Mulder et al., 2002). The studies from chapter 4 confirm that the morphological 

features distribution varied from north to south. Most of the seafloor features are less pronounced in 

the north and more in the southern part. In addition, part of the conclusion of chapter 4 stated that the 

complexity of the morphological features controls the direction and speed of the currents, the type of 

process that operates in any one part, and consequently the sedimentary facies present.  

The complex topographic and sedimentary system in the Gulf of Cadiz should make it a perfect study 

area for sediment facies distinguishing criteria. However, this is like a ‘double edge sword’ because on 

the one hand, the complexity causes the occurrence of varying facies in one location, getting rid of the 
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issue of comparison of facies from varying locations; whereas, on the other hand, varying seafloor 

features can result in complex process interaction and possible hybrid facies,  

A decade ago, the complex topography and lack of a detailed database might mean a misinterpretation 

of global or regional facies distribution. For instance, in the absence of a well data, a drift such as the 

Faro drift with more contourite, some turbidite, bottom current reworked turbidites, and debrite can 

have the external architecture of a ‘typical’ contourite drift. The vertical and lateral limits of some 

contourites and MTD’s may easily be identified on 2D TGS-NOPEC seismic profiles, the presence of 

mixture of facies might cause some misleading seismic signatures and incorrect seismic interpretation. 

Nevertheless, detailed small-scale analysis, like those carried out post-IODP 339 and including this 

study, have yielded some important results. 

 In addition, similar to other deep-sea settings, it is common to see incomplete sequences so that one 

facies sequence can easily be mistaken for another. For instance, a base cut-out contourite is very 

similar to a complete turbidite sequence on first examination of the cores. These were tricky to 

categorise as they had some grain size characteristic and bioturbation structure that are applicable for 

both turbidites and contourites. Partial reworking of turbidites by bottom currents, fractional erosion 

of contourite by a later bottom current or turbidity current, are all possible and relatively poorly known 

processes. Hybrid or incomplete facies are challenging to interpret.  

 In 2011, scientists aboard the Integrated Ocean Drilling Program (IODP) Expedition 339 drilled five 

sites in the Gulf of Cadiz and two offshore in Western Portugal, and approximately 5 km of sediment 

cores recovered. Several seismic, sedimentological and mineralogical analysis have been conducted 

post-expedition and an impressive data set that has been acquired.  Some specific attempts have been 

made to distinguish between facies (Alonso et al., 2016), but controversy still exists. 

The consensus from the morphological and seismic chapters thus far is that there is a direct relationship 

between topography and overall sediment facies. These existing controversies provoked even more 

questions, such as: Does the tectonic activity also affect the lateral and /or spatial grainsize distribution? 

Is there a relationship between highly irregular present or paleo-seafloor and the grainsize sequence? 

Is the inferred provenance of sediments accurate? Are any of the depositional processes driven by the 

same regional tectonics that produce the major morphological structures? On the other hand, are the 

sedimentary processes affected by local tectonics? Do areas that have undergone diverse tectonism 

have a more diverse grainsize sequence / pattern?   
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This chapter attempts to answer the above questions by focus on only the practical requirement for 

facies identification. Therefore, this study will integrate grainsize statistical data, smear slide analysis, 

and mineralogical analysis with the aim of understanding the following:  

i) Identify the principal sedimentary facies based on past work, current 339 studies, and core 

logging/analysis during this study. 

ii) Discriminate between different sedimentary processes based on facies style, sedimentary structures, 

textural analysis, and compositional attributes.  

iii) Define and name the hybrid facies, by inferring what current played the primary role during 

deposition of each sequence. 

iv) Derive a robust discrimination between facies/process types down hole; determine the origin of 

textural properties in the different facies – turbidite, contourite and reworked facies. 

v) Establish criteria that can aid distinction of bottom-current sand from turbidite sand in other deep-

sea mixed systems. 

The chapter is organised in the following main sections: (1) a literature review to document what is 

currently known about deep-water sediments; (2) a brief review of the methodology, which is covered 

also in Chapter 2, and documentation of sample selection; (3) documentation of sediment facies and 

their properties; (4) results of contourite textural properties; (5) results of turbidite textural properties; 

(6) results of mixed or hybrid facies types; and (7) sediments and texture discussion.  

6.2 Deep-Sea Processes and Facies 

There is a wide range of processes that operate in deep water to erode, transport and deposit sediment. 

These include a variety of gravity-driven (or downslope), current-driven (or bottom-current), pelagic 

(or vertical settling) and chemogenic processes (Fig 6.1). Each of these processes gives rise to 

distinctive deposit or sediment facies. Comprehensive reviews of these processes and their deposits 

have been compiled recently by (Pickering and Hiscott, 2016); (Hüneke and Mulder, 2011) and (Stow 

and Smillie, 2020). The authors of these works also illustrate the growing number of synonyms and 

partial synonyms in current use which tend to confuse rather than aid understanding. 
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Fig 6. 1 Showing different processes that affect the transport and deposition of sediments and organic matter in the deep-sea 
environment. (Rebesco and Stow, 2001) 

However, although we subdivide the deep-sea realm into endmember or type examples, there are many 

subtleties in both process and facies, so that the picture is more complex, and, hence, controversy arises. 

Firstly, there are several different types and scales of turbidity current and bottom current, with each 

of these being able to transport and modify everything from coarse sand and gravel to fine silt and clay-

sized material. Both turbidity currents and bottom currents carry (finer) sediment as suspended load 

and transport (coarser) sediment via bed-load traction across the seafloor. Secondly, there is a 

continuum between these different processes and facies, which are therefore end-members on a natural 

spectrum of process and deposit (Figure 6.2). The processes of sediment transport and deposition in 

the natural environment rarely conform to a particular end-member of that spectrum, meaning the 

deposit will not fit exactly the idealised facies model. Thirdly, all three types can be closely 

interbedded, particularly in continental margin sedimentary successions. Strong bottom currents are 

capable of reworking earlier-deposited sediments, winnowing and eroding the sea-floor and of 

preventing deposition, thereby causing hiatuses and/or hardgrounds in the sediment record. Turbidity 

currents are equally able to erode or modify seafloor sediments. Pelagic or hemipelagic sedimentation 

dominates where other processes are absent or rare, but all trace of these deposits can be absent or 

removed where turbidites dominate or where strong bottom currents have prevented deposition and 

created a widespread hiatus in sedimentation.  
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It is in part for these reasons that the distinction between turbidites, contourites and hemipelagites in 

modern and ancient deep-water systems has long been a matter of controversy (Shanmugam, 2000, 

Shanmugam, 2008). The debate is further fuelled by a plethora of published literature that seeks to 

provide a definitive interpretation of ancient sediment series, either on land or in deep subsurface cores, 

on the basis of insufficient evidence. There remain, therefore, markedly  

 

 

(A) 

 
(B) 

Fig 6. 2 Processes and facies in deep-water sedimentary systems. (a) Downslope. (b) Alongslope and vertical settling  (Stow and 
Smillie, 2020). 
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different sets of criteria published in the literature for distinguishing between the different deep-water 

facies (Rebesco et al., 2008); (Stow and Smillie, 2020). According to these authors, the three most 

common facies are clearly distinguished on the basis of their standard facies models, as shown in Figure 

6.3. All these processes and facies are well represented in the Gulf of Cadiz.  

 

 

 

Fig 6. 3 Triangular diagram showing the three most common deep-sea facies (Rebesco, 2014). 
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6.2.1Turbidite  

Turbidites are deposits formed from density driven current made up of dilute sediment-water mixtures, 

also known as turbidity currents. Most sediments (fine, medium and coarse grained) are transported 

from the shallow water to deep water by turbidity currents. When turbidity current energy is reduced 

and unable to carry all the sediment particles, the particles drop out of the flow forming turbidite 

deposits. Earthquakes, rapid deposition, very steep slope (result either in the slope instability, 

undercutting or of crustal tilting), tsunami, cause triggers turbidity current. The type of turbidite and 

turbidite sequence formed is an indication of the type of   strength of the turbidity current, duration of 

the turbidite and the source. Turbidity currents have different strength, size and variable reoccurrence 

intervals. Therefore, the accumulation rate is also variable typically between 10cm/ky to >1m/ky.  

Turbidity currents typically carry a mixture of sediments, and as they lose their energy and slow down, 

this material is deposited. For a normal turbidity current, the first particles to drop out of the flow are 

the biggest and the heaviest, but the flow still has enough energy and turbulence to carry the smaller 

particles. As the momentum of the flow continues to decrease, finer particles settle out of suspension, 

with the smallest grains settling out last. In a perfect condition, the turbidite produced from such steady 

state flow would have a normally graded sequence and a series of sedimentary structures reflecting the 

flow process. 

Several attempts have been made to capture the distribution of the key features within a turbidite from 

which the depositional and flow dynamics of the primary depositing current can be interpreted (Sumner 

et al., 2012), (Bouma et al., 1962), (Lowe, 1982), (Pickering et al., 1986), (Mutti, 1992) and (Haughton 

et al., 2009) etc.  Various turbidite facie models and  turbidite facies association scheme have been put 

forward over the years (Sheldon, 1928), (Signorini, 1936), Bailey 1936 , (Kuenen and Migliorini, 

1950), (Ten Haaf, 1959), (Bassett and Walton, 1960), (Bouma et al., 1962), (Kuenen, 1964), (Mutti 

and Lucci, 1972), (Rupke and Stanley, 1974), (Middleton and Hampton, 1973), (Hesse, 1975), (PIPER, 

1978), (Stow and Shanmugam, 1980), (Lowe, 1982), (Walker, 1984), (Hsü et al., 1989). The 

experimental models to explain the significant variation noticed within some vertical turbidite beds 

(e.g. different ripple marks, different grain orientation, and fossil alignment) are presented.  

The three most commonly used turbidite models are for coarse-grained turbidites (Lowe model), 

medium-grained turbidites (Bouma model), and fine-grained turbidites (Stow model).  

6.2.2 Contourites 

Contourites are defined as sediments that are deposited by the action of bottom (contour) current and/or 

significantly reworked by bottom currents (Rebesco and Stow, 2001); (Hollister, 1972); (Stow, 1996).  
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Over the years, contourites have been recovered from numerous IODP, ODP, DSDP, and private oil 

company sites around the world. Several attempts have been made to develop adequate contourite 

facies models {e.g. (Stow and Lovell, 1979); (Stow, 1984a); (Pickering et al., 1989); (Rebesco, 2005); 

(Faugères and Stow, 1993); (Stow, 1984b); (Shanmugam, 2006); (Shanmugam, 2012a, Shanmugam, 

2013); (Llave et al., 2006). The most generally accepted and well-used facies models for contourites, 

together with variations related to partial sequences and grain-size differences is shown in Figure 6.4.  

 

Fig 6. 4 Standard Contourite facie sequence (blue rectangle) as created by Gonthier et al.(1984); (Stow et al.(1986). The rest of the 
figure shows other variations of the standard model observed in the subsurface (Stow and Faugeres,2008) and (Stow et al., 2008). 
Figure  modified by (Rebesco et al. (2014). 

6.2.3 Hemipelagites  

Hemipelagites are fine-grained sediments deposited by both vertical settling and slow lateral advection 

(Stow and Tabrez, 1998) via the water column. Hemipelagites typically occur in deep-water settings 

and are mainly muds and mud rocks with terrigenous and biogenic material components (Stow and 

Tabrez, 1998). The large percentage of the terrigenous input of a hemipelagite is silt size (Fig 6.7c). 

Apart from the hemipelagites deposited in anoxic environments that have fissile lamination, a 

hemipelagite typically lacks primary sedimentary structures and is heavily bioturbated. 
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Hemipelagites are very common in the marine environment. Deposition of hemipelagites are mostly 

continuous but occur at variable rate depending on the biogenic or terrigenous inputs therefore they are 

observed worldwide both individually and intertwined with most other deep-water facies (Pickering 

and Hiscott, 2015); (Rebesco and Stow, 2001); (Stow, 1985). For instance, in high latitude, the rate of 

sedimentation for the glacial hemipelagites are very high (between 20cm/ky), while around continental 

margins with small terrigenous input, the rate of deposition is ~2cm/ky. (Rebesco and Stow, 2001)                       

6.3 Methods of Sediment Analysis 

6.3.1 Principal methods and IODP sites  

The principal methods used for sedimentological analyses were described in Chapter 2. These included 

sediment description, smear slide analysis, petrographic and X-Ray diffraction mineralogy, and grain-

size analysis. The main focus of this study has been grain-size analysis. This section summarises the 

sample selection. 

Standard sedimentological analysis has been carried out on core sediments for five (5) IODP Leg 339 

Mediterranean Outflow sites U1386, U1387, U1388, U1389 and U1390. (Table 6.1), (Fig 3.3). The 

IODP scientist provided a detailed core description and produced hand drawn core logs of the entire 

cored interval. These were supplemented by the authors own observations.  

 

 Wells Longitude Latitude 

1 U1386 -7.759 36.835 

2 U1387 -7.720 36.808 

3 U1388 - 6.476 36.161 

4 U1389 -7.285 36.255 

5 U1390 -7.719 36.317 
 

6 U1391 -9.418 37.364 

 
Table 6. 1 Summary table showing the coordinates of the IODP wells used for this study  

6.3.2 Sample Selection  

Gulf of Cadiz 

Different parts of the GOC sequence where selected for the grain size analysis. First, the grainsize 

statistical analysis was conducted on turbidites, debrites, contourites and hybrid/unknown sediments 
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from Unit IC and II of U1386 and U1387. The analysis was to identify any trends in the grainsize 

values. For the units in different wells, similar ages (Pliocene and Pleistocene) were compared. 

Sediment samples were selected from the lithological unit IC and II (Fig 6.8). Also, the predominantly 

contourite section (1A) for all five wells was sampled so as to identify if and why contourite 

characteristics changed laterally in the basin in the more recent lithological units. U1386 and U1387 

were the deepest well and towards their base, the cores revealed an occurrence and mixing of some 

prominent facies i.e. turbidite, contourites, debrite, pelagites, slumps. Cores from these section 380-

550msbf in U1386 and U1387 were analysed in more detail.  

Other data: In order to better characterize normal turbidites in terms of their textural attributes, a 

wide-ranging survey of previously published data was undertaken. These data were combined with 

unpublished grain-size data (Stow, pers. comm.). The locations of these datasets are shown in Table 

6.3).  

TURBIDITES CONTOURITES REWORKED 

1386 B 44X4W125 1386 B 43X1W0 1386C7R1W25 

1386 B 44X4W128 1386 B 43X1W25 1386C7R1W75 

1386 B 44X4W132 1386 B 43X1W50 1386C7R1W125 

1386 B 46X4W55 1386 B 43X1W75 1386C7R2W25 

1386 B 46X4W60 1386 B 43X1W100 1386C7R2W75 

1386 B 46X4W65 1386 B 43X2W15 1386C7R2W125 

1386 B 46X4W70 1386 B 43X2W65 1386C7R3W25 

1386 B 46X4W75 1386 B 43X2W115 1386C7R3W40 

1386 B 46X4W80 1386 B 43X3W15 1386C7R3W75 

1386 C 16R1W75 1386 B 43X3W65 1386C7R3W77 

1386 C 16R1W125 1386 B 43X4W15 1386C7R3W125 

1386 C 16R2W25 1386 B 43X4W65 1386C7R4W0 

1386 C 16R2W75 1386 B 43X4W115 1386C7R4W25 

1386 C 16R2W120 1386 B 43X4W140 1386C7R4W73 

1386 C 16R3W20 1386 B 43X5W15 1386C7R4W 

1386 C 16R3W70 1386 B 43X5W40 1386C7R4W140 

 
1386 B 43X5W65 1386C7R5W25 

 
1386 B 43X5W115 

 

 
1386B43X7W10 

 

 
1386B43X7W35 

 

 
1386B43X7W52 

 

 
1386B43X7W55 

 
 

Table 6. 2 IODP 339, U1386 showing of the sediments point selected for more detailed analysis 
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6.3.3 Textural Analysis  

Textural, mineralogical and structural characteristic of a sediment is influenced by the energy of the 

system and the nature of the sediment material supplied (Mulder et al., 2002). Any significant variation 

in topography of an area will affect the velocity and depositional mechanism and such changes should 

be evident in a detailed grain-size analysis.  

Grain-size is the main textural parameter that affects the transportation and deposition of marine 

sediments. Hence, changes in grain-size parameters are expected to reflect any change in the supply 

material, depositional mechanism / conditions, energy level and transport history (Folk and Ward, 

1957); (Blott and Pye, 2001).  This explains why grain-size data has been widely used for analytical 

methods because of its known ability to discriminate or identify depositional processes and hence likely 

environments of deposition (Udden, 1914, Folk and Ward, 1957, Friedman, 1979). For quantitative 

comparison of sedimentary environments, it is necessary to derive and analyse values of statistical 

parameters. These parameters include mean, mode, sorting, skewness, kurtosis etc. The above listed  

parameters can be derived either mathematically (by the methods of movement) or graphically reading 

off selected percentile from cumulative curves (Krumbein and Pettijohn, 1938). 

The use of statistical methods in grainsize analysis for environmental discrimination has been met with 

some success, especially with respect to dune, beach and fluvial environments (Folk and Ward, 1957), 

(Friedman, 1961), (Mason and Folk, 1958), (Duane, 1964), (Passega, 1957), (Moiola and Weiser, 

1968). However, the same cannot be said for deep-sea sediments like turbidites, contourites etc. This 

is ironic especially when one considers the focus over the years from industry experts and academic 

researchers on turbidites (which are arguably the most economically important facies amongst the 

deep-sea sediments). Some advances are documented by (Reading and Richards, 1994) and (Stow, 

1996). (Prins et al., 2000) modelled siliciclastic grain-size data to identify the contribution of eolian 

and fluvial sediments to turbidites. Complexity in interpretation arises especially for graded turbidites 

(which part of the sequence to analyse), disordered turbidite facies (Branney et al., 1990) that are  

products of simultaneous action of more than one current, massive sandstones (Kneeler and Branney, 

1995), and anomalous or repeated beds (Pickering and Hiscott, 1985); (Kneller et al., 1991); Edward 

et al 1994). Similar issues also arise in the study of contourite grain sizes. 

In the last few years, a large amount of data has emerged and a variety of turbidite and contourite facies 

have been recognized based on size and grading, and new questions are now being asked. Such as; are 

all the sediments previously characterized as turbidites or contourites that? Can these statistical 

measures really be related to modes of deposition or environmental characteristics?  Are there specific 
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statistical trends uniquely for turbidites or contourites? So far it has not been established if the statistical 

values of skewness, sorting and kurtosis is meaningful for deep sea sediments. It is hoped that with this 

much data available it may be possible to deduce some significance concerning turbidite depositional 

processes and dynamics. 

6.3.4 Grainsize Statistical Parameters  

The five parameters outlined below are those most commonly used in textural studies.  

1. Mean is a measure of the overall average grain size of the samples.  Mean values are more accurate 

at estimating central tendency than mode and median because unlike the others, they depend on values 

from the entire curve (Pettijohn et al., 1987).  

2. Mode is the grain diameter that is the most frequent. Some samples of sediments especially those 

with mixed source can be bimodal or tri-modal. In such case(s) the most abundant mode value is 

classified as the primary mode and the others are referred to as the secondary mode. Mode is the best 

parameter for studying mixed source sediments and predicting provenance (Curray, 1960). 

3. Sorting (standard deviation) is a measure of the spread of the sizes around the average. There is a 

linear relationship between moment and graphical method sorting result. For this study the equation 

(Table 6.3) and classification scheme presented in (Folk and Ward, 1957) were used.  

4. Skewness is the preferential spread of the grains to one side of the average (i.e., the asymmetry). 

The positively skewed samples are referred to as fine skewed while the negatively skewed sediments 

are referred to as coarse skewed (meaning indicating excess of coarser particles.  

5. Kurtosis is the degree of concentration of the grains relative to the average (also known as the 

peakedness). Although some authors (Blatt et al., 1972) believe that general kurtosis could not be used 

as a measure of providing information for interpretation of grain size distribution. In this proceeding, 

we consider kurtosis on its own and alongside other parameters in order to get a complete insight of 

the grain size description.  
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Table 6. 3 Quantitative Statistical parameters values and the corresponding descriptive term. Logarithm (original) (Folk and Ward, 
1957) for four of the five main statistical parameters 

Although the grain size parameters can be independently analysed, geologic  significance  of the above 

four parameters can be best observed if the parameters are plotted against each other as a scatter 

diagram (Folk and Ward, 1957). The cross plot of two parameters commonly reveals significant trends 

and geologic information not immediately evident where if statistical parameters or frequency 

distribution curves are considered individually. In addition, visualization of mixed population is easier 

as bimodality, shoulders in the curves can be promptly detected, and any experimental error can swiftly 

be detected from the curves. The importance of the application of bivariate plot of grainsize statistical 

parameters to understanding depositional environment cannot be over emphasized. In the past, the act 

of using bivariate plot has been applied to the analysis of a lot of data set (Pettijohn, 1957); (McManus, 

1988); (Gao and Collins, 1994); (Medina et al., 1994); (Stow, 1979); (Friedman, 1961). However, most 

of the work done was for shallow marine, coastal, eolian and dune deposits, even though more recently, 

the studies have been extended to understanding deep-sea depositional environment (Stow, 1979). 
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6.4 Sediment Facies: Gulf of Cadiz 

6.4.1 Sediment Facies Overview 

The principal sediment facies recovered from the IODP drilling throughout the six sites on the Cadiz 

Contourite Depositional System include muds, silts and muddy sands, and minor sands. These are 

primarily siliciclastic in composition with a minor to common (5-30%) calcareous biogenic fraction, 

so that they have also been described as nannofossil and foram-nannofossil muds, silts and sands (Stow 

et al., 2013a). Details of brief core description conducted can be found in Appendix C . Minor facies 

include: muddy calcareous sediments (>50% CaCO3) and foram-nannofossil ooze, which occur solely 

within the Miocene succession at Sites U1386 and U1387; dolomitic mudstone and dolostone, which 

occur locally at two sites (U1387 and U1391) within the early Pliocene; and clean sandstone beds and 

chaotic clast-rich units, within the early Quaternary and Pliocene at Sites U1386 and U1387.  

These facies have been well documented in previous publications (e.g. (Stow et al., 2013); 

(Hernández-Molina et al., 2016) and have been interpreted in terms of depositional processes as 

contourites, turbidites, reworked turbidites, debrites and slump deposits, pelagites and hemipelagites 

Stow (Stow et al., 2013); (Alonso et al., 2016); (Hernández-Molina et al., 2016). The summary 

distribution of these facies is illustrated in Figure 6.5. 

  

  
Fig 6. 5 Showing the different facies identified during IODP expedition from 5 GOC wells Hernandez-Molina et al 2016  
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For this study, a reviewed all the previous descriptions were presented and over 300 m of core 

examined at the IODP core repository in Bremen, Germany. Detailed description of key sections is 

given in Appendix C. The interpretations in this thesis are therefore presented in confidence because 

they are based on multiple criteria at different scales of observation: small-scale sedimentary 

characteristics (structures, textures, composition, fabric), medium-scale seismic features (drifts, moats, 

seismic facies, widespread hiatuses), and the large-scale geological and oceanographic setting. 

Contourites are the dominant sediment type at the six CDS sites (U1386-U1391), making up the 95% 

of the Quaternary and about 50% of the recovered Pliocene succession. This facies group includes 

sand-rich, muddy sand, silty-mud and mud-rich contourites, all of which were deposited at moderate 

(20-30 cm/ka to very high (> 100 cm/ka) rates of sedimentation. These sediments are very uniform in 

their mixed siliciclastic-biogenic composition and textural attributes. They have a general absence of 

primary sedimentary structures, except for a somewhat discontinuous and widely spaced silt 

lamination within muddy contourites that show the highest rates of sedimentation (Site U1390). There 

is an intense, continuous bioturbation throughout with a distinctive, small-scale, monotonous 

ichnofacies and local omission surfaces. Most sections are characterized by bi-gradational sequences 

from inverse to normal grading, but also include a range of partial sequences of which the base-cut-

out sequences are most common. All these features are fully consistent with the established facies 

model for fine and medium-grained contourites Stow (Stow, 2002b); (Faugères and Stow, 2008). 

Clean, well-cemented sands are common in the lowermost 20-40 m of the Quaternary succession 

at site U1386 and also present in the same stratigraphic interval at site U1387. These are interpreted as 

bottom-current reworked turbidites. 

Below a marked hiatus sites U1386, U1387 and U1391, there is evidence for downslope 

sedimentation within the Pliocene. This dominates the succession older than about 4 Ma to the base of 

the Pliocene, but also occurs interbedded with contourites younger than around 4.2 Ma. The downslope 

facies are characterized by a mixed and exotic composition that includes shelf-derived, fragmented 

macrofossils and benthic microfossils, as well as some glauconite and a higher proportion of opaque 

heavy minerals and lithic grains. The turbidites show clear normal grading from sand to mud above a 

sharp, erosive base, but mostly lack other sedimentary structures, except for some with parallel 

lamination. Debrites are chaotic, with contorted slump folds, isolated large clasts, and common shell 

debris in a sandy, muddy matrix. 

Examples of these different facies are shown in Figures 6.5, 6.6 and 6.7. 
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Fig 6. 6 Examples of contourite sequences observed in the Gulf of Cadiz. A) bi-gradational contourite from well IODP339-U1390-8H-6A 
B) Base-cut-out contourite core section IODP339 U1390A-8H-6A C). Top cut-out IODP 339U1388C-3R-2A D) Mid-section (sandy 
contourite) U1388B-20X-5A. 

 A           B         C 

Fig 6. 7 Examples of turbidites & hemipelagites from GOC A) Silty Turbidites IODP339-U1387C-38R-2, B) Sandy Turbidite U1386C-13X-
2 C) Hemipelagite IODP339-U1386B46X1-W150. 

A 
B C 

D 

Bigradational 

Fining Upw
ards  Sequence 

Coarsening upw
ard sequence   

SequenceBigradational 

No  clear sequence  



 

318 
 

  A               B                 C 

Fig 6. 8 Examples of debrites and slump cores sections from GOC A) Debrites IODP339-U1387C-39R B) IODP339-U1386C-15R-4A,5A, 
CCA C) Slump IODP339-U1387C-34R  

6.4.2 Sediment Composition  

A detailed study of sediment composition was carried out by careful examination of smear slides from 

selected facies. These results are documented below. 

U1386B44x4W125-127 

This is made up of approximately 49% sand, 42% silt and 9% clay. The most abundant mineral grains 

are a mixture of sub-angular and angular quartz, feldspar and authigenic calcite, which account for 

about 30%, 10%, and 10% respectively. Also, a small quantity of heavy minerals (3%) and opaques 

(2%) were also observed in this section. In essence, there was abundant quartz, common calcite, clay 

mineral and few heavy minerals. Note that most of the quartz are polycrystalline large grains and 

coated in brownish clay minerals. Rhombohedral calcite is common and appeared to fill up the spaces 

in larger minerals or voids within some fossils. Foraminifera are abundant in this section >40%, in 

their different shapes and sizes. Macro (sand –sized fossils) and micro fossils are present. Some of the 
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forams identified were broken up, filled with black pyrite, or slightly brownish (fig 6.50D). Barren 

diatoms and calcareous nannofossils are also present. Some diatoms and mica flakes went dark when 

viewed in cross-polarized light. 

 U1386B43x4W15-17 

 In this section, there is approximately 5%, 75% and 20% sand, silt and clay-sized sediments 

respectively.  There are about 50% authigenic calcite, 5% quartz and 5 % feldspar and 1% opaques. 

The quartz is actually micro polycrystalline quartz with sutured boundary. The few quartz grains 

observed have minor inclusions and are partly coated by clayey material. The feldspar grains are 

untwined (probably plagioclase) with vacuoles (micro-pitting). A few apatite and few foraminifera are 

present.  

U1386B43x4W140  

This comprises 17% sand, 71% silt and 12% clay. Quartz is mostly sub-rounded-subangular and clear 

(i.e. only slightly covered by clay mineral). A few hornblende (ferromagnesian) and authigenic K 

feldspars i.e. amphiboles spotted.  Rare Mica (biotite) and Glauconite present. Few whole foram test, 

few altered forams and rare biogenic shell fragment (specifically spicule fragments). Few opaque 

minerals.   

U1386B43x5W65-67 

This comprises about 10% sand sized material, 75% silt size material and 15% clay sized material. 

Untwined feldspars, elongate amphibole (with cleavage) and pyroxene. Abundant spicule like fossils 

and various biogenic fragments. Vacuole ostracods forams and subangular quartz present. 

U1386B44x4W125-127 

This comprises about 21% sand, 69 % silt and 10% clay. An abundance of sediments with high 

birefringence were identified and these are most likely carbonate (dolomite), altered (slightly 

vacuolised) plagioclase feldspar. Clay clusters common around sub-rounded brownish quartz. Forams 

are common, aragonite, hornblende and pyrite are rare but present.  Some forams are filled in with 

brownish clay minerals.  In addition, this had some pebble sized fossil fragments that were visible with 

the naked eye. This section has numerous biogenic minerals than quartz both microscopic and 

macroscopic. The presence of polymineralic nature causes the assumption that this section originated 

from metamorphosed sedimentary rock. The common dolomitic carbonate grains mean that perhaps 

the sediments are detrital because if they were authigenic they would be more euhedral or uniform.  
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Fig 6. 9 Samples from U1386B44x4W125-127 A) Part of the smear slide in plane polarized light (PPL) mag X10. B) Numerous forams 
and calcification in Cross polarised light (XPL) magX50 C) Quartz2 feldpar1 and clay 3 coating in XPL MagX20 D) Ostracod Forams 
with vacuole that are partly infilled PPL mag X50.E) cross polarised light magnification X10 1- Large brownish quartz 2-Feldspar 3-
Foram.  

U1386B43x2W65-67  

This comprises about 6%, 90% and 4 % sand, silt and clay size material respectively.  Brownish (Fe-

rich) clay clusters.  A few ferromagnesian minerals probably pyroxene. Some quartz covered by brown 

minerals, but a majority of the silt sized (or smaller) quartz are not coated. The feldspar is also altered 

and oxidized. There is plagioclase and pyroxene and a few large sand-sized perforated foram tests. 

Pyrite and iron sulphides are common. Biogenic calcite mainly foram tests, calcareous oozes and 

scattered coccolith plates. Sponge Spicules, rutile and pyrite are rare but present. Also present are some 

amphibole and biotite. Opaques are about 1%. 
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Fig 6. 10 Smear slide from showing in cross-polarized light. A) a view of the slide under magnification (mag) X5B) A feldspar grain 
Mag X20 C) Quartz slightly clay coated Mag X50 D and E) Foraminifera Mag X50. 

 

Fig 6. 11 Smear slide from C7R1W25 viewed in crossed polarised light Magnification 20 B) Smear slide from C7X1W25XPL viewed in 
crossed polarised light and Magnification X50. 

U1386C7R1W25 

Most of the quartz grains have vacuoles but they are relatively cleaner and rarely coated by clay, 

abundant orange and brown minerals, probably caused by oxidation of quartz grain, which suggest an 

oxide environment. Quartz is abundant and feldspar rare. The quartz is sun-rounded to angular. 5% 

sand, 80% silt and 15 % clay sized. Pyrite present but rare. 

U1386C7R3W75 

A lot of oxidized quartz, chlorite present but rare. Forams, spicules and some blue and orange grains. 

Mud coated quartz grains 20%, 70% and 10 % sand, silt and clay respectively.  
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U1386C13R4W40  

In this smear slide, the sands are about 16%, the silt size materials about 72 % and the clay size material 

approximately 12%. Opaque minerals (mostly black and golden yellow) are common. The black 

minerals may be pyrites. The feldspars are altered and the shells of fossils either have holes or are 

filled with pyrite. The quartz is mostly sub angular – sun rounded and fully coated in brownish clay. 

Various types of fossils are common with some angular shell fragments. 

6.4.3 XRD Composition  

XRD analysis of the bulk fraction indicates that the sediments are mainly composed of quartz, clay 

minerals, dolomite and calcite. Small amounts of other minerals such as aragonite, albite, and 

microcline are present. Contourites have a high percentage of calcite and lower quartz and clay content. 

In contrast, the turbidites have higher quartz content than calcite and clay minerals, as well as notable 

heavy mineral fraction (hornblende) and dolomite. The bulk fraction of minerals in the debrites also 

showed a similar relative abundance to those of turbidites. 

XRD analysis of the clay fraction shows that the sediments from the studied section are mainly 

composed of chlorite, illite and smectite but the relative abundance for each of the main minerals varies 

from one facies to the other. The turbidites and debrites are richer in illite and poor in smectite. The 

contourites on the other hand have more smectite and less illite.  

6.4.4 Comparing Composition from Different Sites  

To some extent, past studies of the petrography of sediments have largely ignored clays. The particle 

size, particle shape, and mineral identity of the sand and silt fractions of sediments were studied in 

detail, but the fine clay material was frequently discarded and listed as so much clay, without any 

attempt being made to characterize it. It is now realized that clays may reflect the history of the 

sediment better than any other component because the characteristics of the clay minerals are, at least 

to some extent, subject to changes depending on the environment in which they are found. The clay-

mineral composition of the sediment should provide information on the character of the source area 

and the environment of accumulation. 

The studies of the morphological settings of the study area show two different tectonostratigraphic 

areas. Various contourite drifts were identified in each of the tectonic settings; they include Faro drift, 

Albufeira drift, Lagos drift, Sagres drift, Bartelomeu Dias drift, and Guadalquivir drift. In this section 

the grain size and mineralogical data (based on smear slide study) from two drifts are compared – the 

Faro mounded drift and Guadalquivir sheeted drift located in the Algarve basin and Donana Basin 

(Gulf of Cadiz) respectively. Comparing and contrasting the sedimentological characteristics between 
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the Faro and Guadalquivir drift therefore will give an indication of the control (if any) tectonism and 

particular morphological structures (or lack of) has on the drift type. The data may also provide 

additional information useful in predicting the paleo-depositional environment. Well U1387 and well 

U1390 samples the Faro and Guadalquivir drifts respectively. In this section, the recent sediments 

(approximately between 0-50m) are analysed for both wells: U1387 and U1390. Fig 6.5.7. For ease of 

description, this section will be referred as section A. The ages of the section analysed is the Holocene 

(1H) and the latest Pleistocene (2H- 6H) Fig 6.5.8. On this basis of age, the section A in both wells are 

divided into two: Section A1 and Section A2.  

 

Fig 6. 12 The Gulf of Cadiz showing the depositional and erosional features generated by the Mediterranean outflow Water (MOW) as 
it moves across the middle slope after it exists the Straits of Gibraltar. Two IODP 339 wells are highlighted i.e. U1387 (red circle) and 
U1390 (yellow circle). Sedimentary basins include AB –Algarve basin, DB - Donana Basin, CB Cadiz Basin, and SB – Sancular Basin. 
Modified from (Hernández-Molina et al., 2015).  
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Fig 6. 13 Showing the well (U1387 and U1390) that intersected the faro and the Guadalquivir drift. The yellow rectangles represent 
the core section (0-50m) analysed in detail and used for the drift comparison. Source of this figure =IODP report  

U1387   

Section A comprises late Pleistocene to Holocene sediments. The sediments in this section are 

dominated by mud, silty mud with biogenic carbonate, silty sand with biogenic carbonated and 

nannofossils. There is a large variation in lithological abundance within section. Overall, however, in 

section ‘A’, nannofossil mud is the most common lithology, ranging in each layer between 30-100%. 

The section is also characterised by some intervals with a higher proportion of silty mud with biogenic 

carbonate e.g. between 0.01 – 3.7mbsf and some silty sand with biogenic carbonate. The stacking 

pattern observed is mostly bi-gradational with a few of normal graded sequences. In fact, the most 

complete example of a bi-gradational sequence is clearly observed, coarsening upward from 
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nannofossil mud to silty mud through to biogenic carbonate silty sand and then fining upwards through 

silty mud to nannofossil mud again.  

The Holocene sediment in the Faro drift (U1387) appears to have more silt between 45-50% and the 

remaining sediments are almost equally split between sand (20-35%) and clay (20-30%). Table 6.4 

The Holocene sediments in the Faro drift has no clear sediment texture trend. In the fact the topmost 

bed (most recent) was very different from the distribution of sediment texture in the earlier Holocene 

section. 

In the upper most intervals of U1387 (section A), the structures are well resolved on the cores and 

elements of the lithologies are recognisable. The section A composed of varying amount of terrigenous 

and biogenic components. There is an abundance terrigenous component (siliciclastic minerals such 

as clay minerals, quartz, feldspars, mica, and detrital carbonate). Specifically, the siliciclastic ranges 

between 38-57 % (an average of 49%), detrital carbonate between 20-35% (average of 29 %). Biogenic 

components are also abundant in this section composing mostly nannofossils (plus foraminifera, 

petropods, sponge spicules and wood fragments). The biogenic carbonate makes up 13-27% (average 

21.2%) of the sediments. Biogenic silica is rare approximately 5% of the section. In fact, diatoms and 

radiolarians are only identified in topmost layer. Other authigenic components like dolomite and pyrite, 

glauconite were present but less common (<5%).  The TOC consequently is between 12-36% with an 

average of 26 %. Identifiable whole or nearly whole macrofossil fragments (such as gastropod, 

bivalves and echinoderms) are recognisable in this section (A). The section changes from yellowish 

brown in the top 0-30m to dark reddish grey between 30-50m.  

Diffraction peaks exist in siliciclastic minerals like quartz, plagioclase, and illite and carbonate 

minerals like dolomite and calcite. The quartz count is between 19000-38000 counts in the Nano fossil 

muds and silty mud with biogenic carbonate. Calcite peaks is between 10000-16000 counts with no 

clear trend. Illite peak ranges from 8000-1500counts. Like illites, chlorites and kaolinite show high 

intensity in Nano fossil mud and silty muds while plagioclase tend to be more abundant in coarser 

sediments like silty sand with biogenic carbonate or silty mud with biogenic carbonate.  

Sparse and slight bioturbation and burrows are present throughout the section. Black iron sulphide 

mottling iron sulphide centimetre scale mottling is common in this section. Millimetre size pyritic 

filled burrow.  
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Table 6. 4 The table showing smear slide result of the section ‘A’ sediment intervals in Faro drift U1387 and Guadalquivir Drift (U1390) 

Sand Silt Clay Siliciclastic
Detrital 

Carbonate
Biogenic 

Carbonate
Biogenic 

silica
U1387A 1H-1-A-1/1 Holocene 0.01 20 50 30 45 30 20 5 Silty mud with biogenic carbonate
U1387A 1H-2-A-118/118 Holocene 2.68 25 45 30 45 35 20 0 Silty mud with biogenic carbonate
U1387A 1H-2-A-69/69 Holocene 2.19 35 45 20 55 25 20 0 Sandy silt with biogenic carbonate
U1387A 1H-3-A-70/70 Holocene 3.7 30 45 25 57 28 15 0 Sandy silt with biogenic carbonate
U1387A 2H-2-A-30/30 L. Pleistocene 6.8 10 35 55 45 30 25 0 Nannofossil mud
U1387A 2H-6-A-120/120 L. Pleistocene 13.7 35 45 20 57 30 13 0 Sandy silt with biogenic carbonate
U1387A 2H-6-A-127/127 L. Pleistocene 13.77 20 40 40 55 30 15 0 Silty mud with biogenic carbonate
U1387A 3H-4-A-40/40 L. Pleistocene 19.4 30 40 30 50 30 20 0 Silty mud
U1387A 3H-6-A-127/127 L. Pleistocene 23.27 5 25 70 38 35 27 0 Nannofossil mud
U1387A 4H-3-A-115/115 L. Pleistocene 28.15 60 25 15 57 20 23 0 Silty sand with biogenic carbonate
U1387A 4H-5-A-105/105 L. Pleistocene 31.05 80 15 5 50 30 20 0 Sand with bigenic carbonate
U1387A 4H-5-A-137/137 L. Pleistocene 31.37 20 50 30 45 30 25 0 Silty mud with biogenic carbonate
U1387A 5H-2-A-15/15 L. Pleistocene 35.15 20 45 35 50 27 23 0 Silty mud with biogenic carbonate
U1387A 5H-6-A-124/124 L. Pleistocene 42.24 5 30 65 43 30 27 0 Nannofossil mud
U1387A 6H-1-A-28/28 L. Pleistocene 43.28 45 40 15 55 30 15 0 Silty sand with biogenic carbonate
U1387A 6H-2-A-24/24 L. Pleistocene 44.74 5 25 70 43 30 27 0 Nannofossil mud
U1387A 6H-3-A-93/93 L. Pleistocene 46.76 5 25 70 48 26 26 0 Nannofossil mud

U1390A 1H-2-A-80/80 Holocene 2.3 10 30 60 52 28 20 0 Mud with biogenic carbonate
U1390A 2H-4-A-35-35 Holocene 8.47 67 27 6 63 13 20 4 Calcareous silty sand
U1390A 2H-5-A-75/75 L. Pleistocene 10.37 15 30 55 55 20 25 0 Calcareous mud
U1390A 2H-6-A-10/10 L. Pleistocene 11.23 40 30 30 60 20 20 0 Sandy mud with biogenic carbonate
U1390A 3H-1-A-54/54 L. Pleistocene 13.64 45 28 27 50 25 25 0 Sandy mud with biogenic carbonate
U1390A 3H-5-A-127/127 L. Pleistocene 20.38 10 38 52 55 20 25 0 Calcareous mud
U1390A 4H-3-A-85/85 L. Pleistocene 26.46 60 20 20 10 15 15 0 Opaque with biogenic Carbonate
U1390A 4H-6-A-17/17 L. Pleistocene 30.31 25 35 40 50 25 25 0 Calcareous silty mud
U1390A 4H-6-A-29/29 L. Pleistocene 30.43 70 20 10 25 20 20 0 Opaque with biogenic Carbonate
U1390A 4H-6-A-84/84 L. Pleistocene 30.98 15 30 55 50 25 25 0 Calcareous mud
U1390A 5H-5-A-135/135 L. Pleistocene 37.72 40 30 30 35 20 20 0 Sandy mud with opaque
U1390A 5H-6-A-130/130 L. Pleistocene 39.19 15 30 55 55 20 25 0 Calcareous mud
U1390A 5H-7-A-115/115 L. Pleistocene 40.54 40 30 30 55 25 20 0 Sandy mud with biogenic carbonate
U1390A 6H-2-A-139/139 L. Pleistocene 44.49 10 30 60 50 25 25 0 Calcareous mud
U1390A 6H-6-A-112/112 L. Pleistocene 50.35 40 30 30 60 20 20 0 Sandy mud with biogenic carbonate

Lithology NameWELL Sample Type Age Depth (Mbscf)

Sediment Texture Sediment Composition
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U1390  

The smear slide of the section 1H-6H shows varying amounts of terrigenous and biogenic components. 

An abundance of siliciclastic materials (quartz, feldspars, clay, mica, etc.) ranging between 10-63% 

(average 48 %), Detrital carbonate of 13-28 % (average 21%) and biogenic carbonate (mainly 

nannofossils and forams) range 15 – 25 % (22%). Diatoms are rare, radiolarians and few spicules. Also 

observed are dolomite <5% and pyrite <5%.  

The common lithologies are calcareous mud and sandy mud with biogenic carbonates, but also 

observed in this section are mud with biogenic carbonate, calcareous silty sand and calcareous silty 

mud. Increase in grainsize corresponds to increase in terrigenous component and lower biogenic 

component Table 6.5. In this section coarser beds (silty sand with biogenic carbonate, sand mud with 

biogenic carbonate or silty mud with biogenic carbonates are intercalated with calcareous mud. Section 

A has a lot of normal grading with only of few bi-gradational sequences. 

Bi-gradational sediments grading pattern is observed usually first starting from the bottom with 

Calcareous mud, followed by silty mud with biogenic carbonate, Sandy mud biogenic carbonate, silty 

sand with biogenic carbonate and then fines upward from silty mud with biogenic carbonate to 

calcareous mud. The bi-gradational sequences in section A has no plain sandy intervals but mostly 

muddy sand with biogenic and silty sand with biogenic carbonate. 

There is a clear variation in the down-hole changes in the number of silty sand bed, sandy mud bed, 

silty mud bed. This section A in well U1390 did not have any sandy bed. Table 6.7  

Except for the faint lamination observed in a few of the calcareous mud layers, section A has no 

primary structures. Bioturbation however is present throughout the section. The bioturbations and 

burrows are cm –mm scale, greyish black mottling and pyrites burrow is also observed in section A. 
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Table 6. 5 The table showing XRD result of the section A sediments in Faro drift U1387 and Guadalquivir Drift (U1390)  

Well Age Sample ID Depth(Mbsf) Total Quartz Calcite K-Feldspar Plagioclase Dolomite Chlorite Kaolinite Illite Smectite Homblende Augite
U1387A Holocene 1H-4 4.72 80565 29677 16120 1108 3216 9490 1764 3196 15254 336 404
U1387A L.Pleistocene2H-6 13.84 54047 32164 12257 1460 3020 615 1114 2995 263 159
U1387A L.Pleistocene3H-6 23.27 58459 22408 14780 671 1710 2665 1695 3332 10451 531 216
U1387A L.Pleistocene4H-5 31.36 73682 38780 13809 1597 2223 4493 1113 2080 8478 152 301 656
U1387A L.Pleistocene5H-6 42.24 43000 19215 13145 481 1037 1371 723 1397 4484 431 151 565
U1387A L.Pleistocene6H-3 46.76 59757 29583 10017 911 2353 2942 1553 2400 8588 466 275 669
Total 162.19 369510 171827 80128 4768 11999 23981 7463 13519 50250 2179 1506 1890
Avg 27.0316667 61585 28637.8333 13354.6667 794.666667 1999.83333 3996.83333 1243.83333 2253.16667 8375 363.166667 251 315

Well Age Sample ID Depth(Mbsf) Total Quartz Calcite K-Feldspar Plagioclase Dolomite Chlorite Kaolinite Illite Smectite Homblende Augite
U1390A Holocene 1H-2 2.76 54233 22980 12942 639 3592 1614 1388 2947 6904 627 68 532
U1390A L.Pleistocene2H-6 12.35 51613 31288 12182 1075 1465 634 1574 2695 452 248
U1390A L.Pleistocene3H-5 20.37 59923 32604 13848 638 1518 4578 836 2229 3066 493 113
U1390A L.Pleistocene4H-6 30.98 49655 26505 12011 392 987 1852 999 2719 3387 684 119
U1390A L.Pleistocene5H-6 39.19 44923 24972 12269 408 991 1289 724 1857 1862 510 41
U1390A L.Pleistocene6H-6 50.52 46790 26255 12563 1104 2020 547 1526 2204 571
Total 156.17 307137 164604 75815 2077 9267 12818 5128 12852 20118 3337 589
Avg 26.0283333 51189.5 27434 12635.8333 346.166667 1544.5 2136.33333 854.666667 2142 3353 556.166667 98.1666667
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The XRD shows peaks from siliciclastic minerals like quartz, plagioclase, illite and carbonates (e.g. 

calcite and dolomites) Table 6.6.  Note that for both samples form U1387 and U1390, their sediment 

contains both clay and non-clay minerals (such as quartz and calcite). The samples were also composed 

of a mixture of clay minerals.  

U1387A CORE 

SANDY 
BED 
NO 

SILTY 
MUD 
BED 
NO 

SANDY 
MUD 
BED NO 

SILTY 
MUD 
BED NO 

SANDY 
BED% 

SILTY 
MUD% 

SANDY 
MUD 
% 

NANNOFOSSIL 
MUD % 

 1H 2 2 0 0 31 43 0 27 

 2H 11 5 0 0 31 31 0 38 

 3H 10 11 0 0 45 47 0 8 

 4H 5 7 0 0 11 22 0 67 

 5H 6 5 0 0 10 25 0 65 

 6H 1 2 0 0 1 21 0 78 

U1390 CORE 

SANDY 
BED 
NO 

SILTY 
MUD 
BED 
NO 

SANDY 
MUD 
BED NO 

SILTY 
MUD 
BED NO 

SANDY 
BED% 

SILTY 
MUD% 

SANDY 
MUD 
% 

NANNOFOSSIL 
MUD % 

 1H 0 0 0 0 0 0 0 100 

 2H 0 2 1 1 2 5 1 95 

 3H 0 1 1 0 0 15 0 85 

 4H 0 2 0 0 0 6 0 94 

 5H 0 3 3 0 0 27 13 61 

 6H 0 5 5 0 0 25 15 60 
 

Table 6. 6 The table showing Sand bed result of the shallow sediments in Faro drift U1387 and Guadalquivir Drift (U1390)  

6.5 Grain Size Results: Contourites  

6.5.1 Grain-Size Statistics 

The 625 new grain size analyses presented here are all from contourites recovered in five of the IODP 

339 wells (U1386, U1387, U1388, U1398 and U1390). These are plotted together with the 675 

analyses of box core and piston core samples (BC05, PC08, PC04, PC06) previously recorded by 

Brackenridge et al (2018), thereby yielding the largest contourite grain-size set yet recorded (Fig. 

6.14,6.15). The grain size parameters measured – mean size, sorting, skewness and kurtosis – are 

summarised below and presented as cross-plots of mean-size vs sorting (Fig 6.16A), mean-size vs 

skewness (Fig 6.16B), and mean size vs kurtosis (Fig 6.16C).  
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Fig 6. 14 Composite plots of a Mean GZ for selected contourite from all wells (U1386, U1387, U1388, U1389, U1390) and BC05, PC08, 
PC04, PC06 calculated using Folk and Wards methods (Phi). S/N-is serial number 

 

Fig 6. 15 Triangle diagram showing the majority of the IODP data clustered around the silt–sand section.  

The data show a wide range of values in all the measured parameters. Mean grain size ranges from 

clay to coarse sand (2 µm to 1200 µm, or 9 phi to 0 phi), standard deviation (i.e. sorting) from very 
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well sorted to very poorly sorted (σ 0.45 to 3.06 phi), skewness from very fine skew to very coarse 

skew (+0.7 to -0.6 phi), and kurtosis from very platykurtic to very leptokurtic (0.5 to 2.6 phi). Grain-

size of the sediment cores PC04, PC08, U1386, U1387 and U1389 are mainly from clay to very coarse 

silt, whereas parts of cores PC06 and U1388 contain much more sand, and core BC05 is mostly 

dominated by fine to coarse sand. Overall, fine to coarse sands have better sorting than clay and silt 

grain sizes. The summary statistics are tabulated in Tables 6.7, 6.8 and 6.9. 

 Sorting 

Wells Poorly Sorted  Very Poorly Sorted  

U1386  53% 47% 

U1387 78% 22% 

U1388 36% 63% 

U1389 68% 32% 

U1390  15% 85% 

 

Table 6. 7 Summary table showing percentage of different poorly sorted and very poorly sorted sediments from IODP 339 wells.  

 

Well  Minimum 

skewness  

Maximum 

skewness  

Symmetrical % Finely 

Skewed % 

 Very finely 

skewed % 

Coarse 

skewed % 

U1386 -0.129 0.152 68.4 10.5 10.5 10.5 

U1387 -0.121 0.230 77 5.5  16.6 

U1388 -0.637 0.201 18.8 9.09 22 47.7 

U1389 -0.125 0.510 83 3.2 3.2 6.5 

U1390 -0.572 0.227 27 23 20.9 25.3 

 

Table 6. 8 Summary table showing percentage of different skewness categories   
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Wells Kurtosis 

 Mesokurtic  Platykurtic  Leptokurtic   Very Platykurtic  

U1386 47 53 - - 

U1387 78 22   

U1388 25 73 2  

U1389 65 35   

U1390 16 78 3 3 

 

Table 6. 9 Summary table of kurtosis data from IODP 339 wells (contourite samples) 

6.5.2 Grain-Size Cross-Plots  

Each of the different cross-plots shown (Fig.6.16) reveals a more or less sinusoidal variation of 

parameters. The best sorted sediments are fine and very fine sand in U1388 and PC06, whereas the 

least well sorted are very coarse silt in cores U1386, U1387, U1388 and U1389. The sinusoidal trend 

(Fig. 6.16A) shows a decrease in sorting from clay to coarse silt (9 to 5.5 phi), an increase from coarse 

silt to fine sand (5.5 to 2.5 phi), and a decrease from fine sand to coarse sand (2.5 to 0 phi). However, 

the trend is not everywhere so well-defined. The coarser grain sizes show more scattered sorting, as 

do the mean grain-sizes from ~6.5 phi to ~4.5 phi and σ value from ~3.05 to ~2.3. Part of this scatter 

is due to slightly different trends at different sites. 

The mean-size vs skewness sinusoidal curve (Fig. 6.16B) is offset from the mean-size vs sorting curve. 

Skewness defines the symmetry of the grain-size distribution curve, such that the skewness value of a 

normal distribution is 0. The lowest values (coarse and very coarse skew, -0.6) are at around 6.5 and 

1.5 phi, with high values (very fine skew, +0.7) around 4phi. Most of data points lie between grain-

sizes of ~7.5 to 6 phi (fine to coarse silt) and skewness between ~0.1 to -0.2. Sediments with the finest 

skewness are very coarse silt to very fine sand, whereas medium and coarse sand has the coarsest 

skewness. Most of the normal distributions with very low or zero skew are observed in very fine silt 

to coarse silt sediments, and a very few can be found in fine sands.  

The plot of mean grain-size versus kurtosis (Fig. 6.16C) is less clearly sinusoidal. Kurtosis defines 

the degree of peakedness of the distribution curve, more concentrated if they have leptokurtic 

distribution, and more dispersed if they have platykurtic distribution. The finer grained sediment, clay 

to coarse silt (9 to 4.5 phi), are mainly mesokurtic and platykurtic, with the lowest values at around 
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5.5 to 4.5 phi. From coarse silt to fine sand (4.5 to 3 phi), sediments show a rapid change from 

platykurtic to very leptokurtic, and then a marked decline from fine to coarse sand (3 to 0 phi) to very 

platykurtic distributions. 

Plots of sorting versus skewness and kurtosis versus skewness are also shown in Figure 6.16D 

and 6E, with the data points arranged in grain size classes rather than by site. These relationships are 

quite complex, but do serve to illustrate at least three distinct grin-size clusters with an elongate trend: 

(a) clay to fine silt (purple, black and dark grey points) with poor to very poor sorting (1.5 – 2.5 phi), 

zero to low skewness (+0.2 – -0.2 phi), and platykurtic distribution; (b) medium silt to fine sand (light 

grey and green points) with very poor to good sorting (2.75 – 0.5 phi), zero to coarse-tail skew (0 – -

0.6 phi), and very platykurtic to leptokurtic distribution (0.6 – 2.5 phi); and (c) medium to coarse sand 

(dark green and pink points) with poor to good sorting (1.5 – 0.5 phi), zero to very coarse-tail skew (0 

– -0.7 phi), and platykurtic to leptokurtic distribution (0.6 – 2.5 phi). 
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Fig 6. 16 Grain-size parameters cross-plots of over 1200 samples from Gulf of Cadiz contourites. Cores BC05, PC08, PC04 and PC06, 
after Brackenridge et al (2018); samples from IODP 339 sites U1386, U1387, U1388 and U1389, new for this study. (A) mean grain 
size versus sorting, (B) mean grain size versus skewness, (C) mean grain size versus kurtosis indicate finest and coarsest sediments 
have similar kurtosis, (D) sorting versus skewness, (E) kurtosis versus skewness. A-C indicate sites from which samples are derived; D-E 
indicate grain-size classes of each sample plotted. 
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6.6 Grain Size Results: Turbidites 

6.6.1 Sample Selection  

As mentioned previously, one of the key aims of this chapter is to elucidate the textural differences 

between turbidites and contourites. The statistical dataset for contourites is now very large from the 

Gulf of Cadiz (Section 6.5 above). However, the turbidite dataset from the Gulf of Cadiz is much 

smaller. This study, therefore, collated a large number of additional grain-size data for turbidites 

from both published studies and unpublished datasets (D. Stow, pers. comm.), as listed in Table 6.10. 

S/

N 

Location  Gradistat Mean  Sorting  Skewness Kurtosis Median 

1 IODP U1386 P P P P P P 

2 IODP U1387  P P P P P P 

3 AEGEAN  P P P P P P 

4 IONIAN BASIN P P P P P P 

5 NAVY FAN  P P P P P P 

6 ANGOLA BASIN P P P P P P 

7 OKINAWA 

TROUGH 

P P P P P P 

8 MARKRAN 

MARGIN 

P P P P P P 

9 SE AFRICA (LEG 25) P P P P P P 

10 NW AFRICA SITE 

657 

P P P P P P 

11 LAURENTIA FAN P P P P P P 

12 MISSISSIPIAN FAN P P P P P P 

13 E-

MEDITERREANEA

N 

- P P P P P 

14 PORTUGAL - P P P - - 

15 INDIA - P P P P P 

16 BAHAMAS - P P P P P 
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17 NE PACIFIC - P P P - - 

18 W-IBERIAN - P P P P - 

19 INDUS FAN - P P P P  

20 ARABIAN SEA  -

INDUS CONE 

- P P P P  

21 CALIFORNIA  - P P    

22 NEW ZEALAND - P Um P    

23 NOVA SCOTIA - P P P P  

24 IBERIAN PENISULA - P P P P  

25 LAURENTIA FAN2 - P P P   

26 SCOTIA SLOPE - P P    

27 ASTORIA - P P P   

28 BENGAL FAN - P P P   

 

Table 6. 10 Summary table showing the turbidite locations. The statistical parameters available for each location the second column 
shows the locations whose data were computed using gradistat. The locations computed location whose data were not inputted into 
gradistat had statistical parameters already tabulated in literature (the exact parameters) 

6.6.2 Grain-Size Statistics 

The mean grain-size values span a wide range between -3.5ɸ and 11ɸ, which is between fine clay and 

medium pebble-size.  Most samples are between 1-10 phi (coarse sand to fine silt), with just four 

samples from the Mississippi Laurentian fans with a much larger mean grain size thus plotting 

separately from the rest of the samples (Fig 6.17). The sorting values range from 0.1 to 5.23 phi, with 

most (95%) ranging between 0.5 ɸ to 4ɸ value (very poorly sorted and moderately sorted) (Fig 6.18). 

Only few of the samples are moderately sorted to well-sorted, and only a couple samples are extremely 

poorly sorted. Skewness values range from -0.65 to +0.85 (Fig 6.19), with most of the samples between 

0.1 and 0.8, which is between symmetrically skewed, fine skewed and very fine skewed. The cluster 

around the coarse skewed and the very coarse skewed segments are fewer. Kurtosis values range from 

0.07 to 3.85, comprising a complete mix of very platykurtic, platykurtic, mesokurtic, leptokurtic, very 

leptokurtic and extremely leptokurtic (Fig 6.20). The majority are fairly evenly distributed between 

mesokurtic, leptokurtic and platykurtic segments. There are only extremely leptokurtic and very 

platykurtic turbidites.      
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The turbidite samples are tri-modal, bimodal and unimodal. There are more polymodal (bi and tri) than 

unimodal samples. In addition, for the few samples for which sampling detail was available, the 

turbidite sequence was mainly multiple moded at the base of the sequence and the number of modes 

decreased toward the top of the sequence. That is, the turbidite at the top of the sequences (usually the 

muddier section) is most likely unimodal. When considering the mode forms for selected points on a 

turbidite sequence from GOC data set, there appeared to be a relationship between modal values and 

sorting. For example, a trimodal section was very poorly sorted whereas a unimodal section (usually 

at the top) showed moderately well sorted.    

S/N LOCATION OF SAMPLES  MEAN (Phi) SORTING  

 

SKEWNESS KURTOSIS 

  MIN MAX MIN MAX MIN MAX MIN MAX 

1 IODP U1387 7.33 5.292 1.73 2.87 -0.230 0.074 0.719 1.027 

2 IODP U1386 7.522 2.381 1.46 3.057 -0.285 0.648 0.642 1.799 

3 AEGEAN  10.26 9.146 2.535 2.846 -0.124 0.071 0.770 1.025 

4 IONIAN BASIN 8.831 7.305 2.457 3.047 0.017 0.375 0.667 1.065 

5 NAVY FAN  3.530 0.139 0.547 1.059 -0.057 1.530 0.607 1.374 

6 ANGOLA BASIN 6.933 5.19 0.65 1.25 -0.173 0.311 0.727 1.547 

7 OKINAWA TROUGH 7.290 1.90 0.968 2.054 -0.201 0.571 0.519 2.417 

8 MARKRAN MARGIN 7.01 6.44 1.04 1.38 -0.155 -0.004 0.735 0.962 

9 SE AFRICA (LEG 25) 9.028 1.486 0.479 2.936 -0.507 0.723   

10 NW AFRICA SITE 657 8.406 1.796 0.957 2.486 -0.593 0.426 0.571 1.682 

11 LAURENTIA FAN -

1.145 

-

1.342 

1.119 1.248 0.177 0.202 1.095 1.155 

12 LAURENTIA FAN2 6.00 1.50 0.55 3.20     

13 MISSISSIPIAN FAN -

3.278 

-

3.587 

0.792 1.040 -0.027 0.166 1.113 1.199 

14 EAST MEDITERREANEAN 8.12 1.14 0.59 3.25 -0.49 0.73   

15 PORTUGAL 20.50 0.08 0.48 13.80 -3.62 0.91   
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16 INDIA 3.81 0.86 0.34 1.75 -0.27 0.55 0.37 2.45 

17 BAHAMAS 4.7 0.2 0.8 4.2 -0.4 0.7 0.8 2.9 

18 NE PACIFIC 8.75 2.68 0.77 2.64 -246.0 4.67   

19 W-IBERIAN 8.93 1.43 0.68 3.52 -1.96 2.32 1.62 84.02 

20 INDUS FAN 11.23 4.316 0.885 3.168 -0.55 0.459 0.602 1.665 

21 ARABIAN SEA -INDUS 

CONE 

9.7 5 1.2 2.6 -0.5 0.7 0.3 2.2 

22 CALIFORNIA  7.62 5.66 1.87 2.37     

24 NOVA SCOTIA 9.52 -3.13 0.49 5.23 0.01 0.85 0.07 3.85 

25 SCOTIA SLOPE 6.25 2.25 0.55 3.20 0.10 0.82   

26 ASTORIA 5.7 2.5 0.5 3.9 -0.25 0.76   

27 BENGAL FAN 7.98 4.32 0.64 1.72 -0.21 0.32   

28 WN ATLANTIC 5.67 -1.00 0.31 2.75 -0.61 0.69 0.71 2.38 

29 CAP OF BLANC  8.406 1.796 0.957 2.486     

30 NW 

MEDITERRANEAN(EBRO) 

8.859 7.078 2.02 3.168 -0.115 0.255 0.635 1.025 

31 NANKAI 4.740 4.544 0.16 0.306 -0.247 0.0 0.895 1.126 

32 LA JOLLA FAN 7.035 2.652 0.287 1.405 -0.259 0.343 0.818 1.530 

 

Table 6. 11 Summary of table showing the maximum and minimum values of each of statistical parameter for each of the locations 
studied. The locations in red are those that had some anomalous (high) data which may have been computed erroneously. 
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Fig 6. 17 Total turbidite mean (phi)grain size of samples from all locations. S/N is serial number 

 

 
Fig 6. 18 Total turbidite grain size sorting of samples from all locations. S/N is serial number 
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Fig 6. 19 Total turbidite grain size skewness of samples from all locations. S/N is serial number 

 

Fig 6. 20 Total turbidite kurtosis grain size of samples from all location. S/N is serial number 
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6.6.3 Bivariate Cross-Plots 

Mean Vs Sorting  

Mean size and sorting values are available for all the locations studied, so that the mean-size vs sorting 

plots show an abundance of data points, a fairly broad scatter and no very clear trend on initial 

examination (Fig 6.21). However, compressed plots show that an approximately sinusoidal 

relationship exists. This becomes even more evident when only a limited number of turbidite systems 

are plotted together (e.g. Figs 6.22 B and C). The best sorting for the turbidites analysed is well-sorted 

(< 0.5 phi) and is limited to sediments with mean grain sizes of 1.5 to 3.5 phi (Fig 6.21,6.22). A second 

‘peak’ of better sorting occurs at around 7.5 phi. The poorest sorting, by contrast, occurs between 5.0-

6.0 phi and again at > 9.0 phi mean size (Table 6.12). 

Additionally, between 6-9 phi, there are two separate upward trends (Fig 6.22B). Although, there is a 

general decrease of sorting with decreasing mean within this range, some sediments have relatively 

better sorting – i.e. the Bengal fan sediments than the sediments the NE Pacific, U1386T and U1387T 

(Fig6.22B), hence the separation observed. Also, between around 5.5-8.5 phi in Fig 6.22C, the turbidite 

samples show varying sorting ranges as well. For example, the Angola basin turbidites have better 

sorting (moderately) than the Okinawa trough sediments, which are poorly sorted.   

1 Fine clay -Coarse clay Decreasing sorting values  Red arrow  

2 Coarse clay-Coarse silt Increasing sorting values Green arrow  

3 Coarse silt –fine sand Decreasing sorting values Red arrow 

4 Fine sand-Coarse sand Increasing sorting values Green arrow 

5 Coarse sand- medium pebbles  Decreasing sorting values Red arrow 

 

Table 6. 12 Mean grainsize ranges and the corresponding sorting trends. 
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Fig 6. 21 Bivariate plot of Mean grainsize (phi) vs sorting for all the turbidite samples 

Mean vs Skewness  

In the bivariate plot of mean grain-size vs skewness, approximately 80 % of the sample points (1 to 

10) cluster around the middle- and upper-part half of the chart, which corresponds to a skewness value 

of approximately -0.5 to 0.8 (Fig 6.23). A broadly spread sinusoidal trend is visible. Upon analysis of 

the mean grainsize vs skewness of samples from each location, separately some clear trends are 

observed (Fig 6.23,6.24). This trend is especially clear for the 5.f- 9f range (coarse silt –clay) as seen 

for data from Indus fan, Angola basin, La Jolla fan (LLF), Bengal Fan, U1387 and U1386).  The 

turbidites from these locations show an increase in skewness values (from coarse to fine skewed) as 

the grain-size increases (from 9 to5f). 
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Fig 6. 22 Showing mean vs sorting data of the total turbidite samples all the five trends observed. B) plot of mean vs sorting values 
and trends for six (6) locations. C) Plot of mean vs sorting values and trends from twelve (12) locations. 

A 

B 

C 
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Fig 6. 23 Bivariate plot of Mean grainsize (phi) vs skewness for all the turbidite samples  
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Fig 6. 24 Interpretation of Bivariate plot of Mean grainsize (phi) vs skewness for all the turbidite samples showing possible trends  
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Fig 6. 25 Bivariate plot of Mean grainsize (phi) vs kurtosis for all the turbidite samples 
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Mean vs Kurtosis 

Most of the samples plot across kurtosis values of 0.67 – 3.8 and mean grain-size ranging between 3.5 

to 10f (Table 6.13). The samples with finer mean grain size fraction (between 6 to 10f) are mostly 

mesokurtic and platykurtic. The coarser grain sizes (between 0-6f) show greater spread across 

platykurtic, mesokurtic, leptokurtic, very leptokurtic and extremely leptokurtic. The few pebble-sized 

samples from Nova Scotia and Mississippi fans plot within the very leptokurtic and leptokurtic fields 

(Fig 6.25 and table 6.13). There are no very clear trends apparent, but the differences noted above are 

depicted in three broad zones (Fig 6.26). In general, clays to medium silts are more platykurtic, coarser 

silts and sands are more leptokurtic, and too few data exist to ascertain the trend for very coarse sands 

and pebbly sands.  

Grainsize  Platykurtic Mesokurtic  Leptokurtic  Very 

leptokurtic  

Extremely 

Leptokurtic  

Clay  Abundant  few    

Fine –Medium silt  Abundant  Abundant  few   

Medium silt to 

coarse sand  

Abundant  Abundant  Abundant  Abundant  Few 

Pebbles  None None  Few Few  

Table 6. 13 Summary table showing the different mean grainsize ranges and corresponding kurtosis description 

Sorting vs Skewness  

Apart from the GOC and Indus fan turbidites, which show a decrease in skewness value with increasing 

sorting value, samples from most of the other locations show no clear sorting–skewness trend. The 

sands (fine–coarse sand) tend to be concentrated in the moderate sorting and finely skewed –

symmetrical section but no clear trend is observed. By contrast, the coarse clay shows a clear trend. 

The coarse skewed coarse clay appears to be better sorted than the fine skewed coarse clay (Fig 6.27). 

Over 90% of the samples, showing a wide range of sorting (0.7-4.2f) have a relatively narrow 

skewness range (0.8 to -0.8) (Fig 6.27).  Moderately to very well sorted turbidites (<1f) are mainly 

symmetrical to fine skewed. Poorly sorted turbidites (1-2f) have a wider range of skewness values (i.e. 

very fine to very coarse skewed). Very poorly sorted turbidites (2-4f) are again mostly symmetrical to 

fine skewed.
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Fig 6. 26 Bivariate plot of mean grainsize (phi) vs kurtosis for all the turbidite samples with descriptions and sketch of the cumulative frequency curves for each GZ section 
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Fig 6. 27 Bivariate plot of sorting versus skewness for all the turbidite samples with each data point highlighted using different colours based on their grainsize range (phi)
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Fig 6. 28 Bivariate plot of skewness vs Kurtosis for all the turbidite samples with each datapoints highlighted using different colours based on their grainsize range (phi)
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Skewness Vs Kurtosis  

There is some relationship between skewness and kurtosis. The entire samples (when their skewness 

vs kurtosis values are plotted together) forms a shape that looks like a gentle ‘inverted U’ (Fig 6.28). 

Note that when individual plots are considered the complete trends is not complete. Most of the point 

clustered within 0.5 to 1.5 KG (leptokurtic, Mesokurtic, Platykurtic and very Platykurtic). The 

skewness of these samples has a wide range between 0.5 to -0.5 Sk1. (i.e. a mixture of very fine 

skewed. fine skewed, symmetrical, coarse skewed and very coarse skewed). Most of the very 

leptokurtic sediments on the other hand are mostly fine skewed to very fine skewed. Some very 

leptokurtic –extremely leptokurtic (1.5 to 4.50 KG) sediments also have a wide range of skewness 

values (very fine skewed. fine skewed, symmetrical, coarse skewed and very coarse skewed). 

The cross plot of skewness vs kurtosis showing the grainsize (Fig 6.28) showed a mixture of varying 

grainsizes across the plots however some grainsize clustered were clearly unique. For instance, the 

very coarse sand and coarse sand are mostly platykurtic with a few mesokurtic. Pebbles are fine skewed 

and leptokurtic. The Coarse sands are mostly platykurtic with a few leptokurtic samples and the 

skewness spread across symmetric, fine skewed, very fine skewed. Silts are spread across the whole 

of the plots with no clear cluster or trend. Coarse clays are mostly clustered in two section. The first 

cluster are platykurtic and symmetrically skewed.  The second clusters around leptokurtic to extremely 

leptokurtic however for this as the kurtosis values of the coarse clay increase the skewness values 

decrease from kurtosis relationship (leptokurtic -extremely leptokurtic). 

Sorting Vs Kurtosis 

The plot illustrates the poorly sorted nature, and platykurtic kurtosis of majority of the samples. Only 

a couple of samples were moderately well sorted 0.35-5phi and these were leptokurtic. The samples 

between 0.5-1phi sorting are mainly all leptokurtic with a few mesokurtic sediments. Between sorting 

value of 1 and 2 phi, the kurtosis is a leptokurtic, platykurtic and mesokurtic sediments with the latter 

been the fewest. However, there is a close relationship between sorting and kurtosis. For the most part 

there appears to be a decrease in kurtosis value with increasing sorting value. >2 phi sorting value has 

either platykurtic, leptokurtic or very leptokurtic sediments. The latter in this case is the fewer. That is 

the very poorly sorted sediments appear to be mostly platykurtic except for a few that are very poorly 

sorted but very leptokurtic. Most of the samples make a linear trend. The kurtosis value gets larger as 

sorting worsens. Only a few anomalous samples fall out with this trend and appear to form a horizontal 

trend with the platykurtic zone, showings no change in kurtosis with increasing sorting value. 
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CM Plot  
The CM plot show the turbidite sediments generally plotting parallel to the C=M line. The samples are 

aligned into two slightly separated clusters A and B (Fig 6.29). Most samples (i.e. Angola Basin, Nova 

scotia, Okinawa trough and Markran Margin etc) plot within cluster A, which is parallel and closest to 

the C=M line. GOC turbidite samples, NW Mediterranean, NW Africa and a couple of Nova Scotia 

points form cluster (B) also parallel to the C=M line, but slightly farther away and distinct from cluster 

A (Fig 6.29). A few turbidites from Laurentian Fan, Nova Scotia and Mississippi Fan have an 

exceptionally high C value. 

 

Fig 6. 29 CM plots A-turbidites cluster and B- contourite cluster

A 

B 
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6.7 Grain Size Results: Mixed Facies  

6.7.1 Sample Selection 

This section builds on the studies conducted by Alonso et al. (2016) and ascertains the main distinction 

criteria for the major sedimentary facies (contourites, turbidites, reworked turbidite, debrites, slumps 

and hemipelagite) identified in the study area. But more emphasis is placed on the most abundant 

lithofacies which are turbidites and contourites. First, the types of deepsea facies present is confirmed 

by more detailed grainsize analysis of the vertical trends within smaller sequences. 

Smear slides are used here to determine the characteristic minerals for each of the predominant 

sediment facies throughout the study area. The mineralogical compositions of the source regions are 

then compared with those reworked sediments and coupled with well log analysis to provide estimates 

of mixing using statistical analyses. That information can be further used to trace sources of silt sand-

sized sediment deposited in the study area and to infer dispersal pathways, paleo-oceanography and 

provide an interpretation of depositional origin. The nature and pattern of distribution of the facies 

down hole is determined by correlation with established patterns. The aim of this section is to 

understand the criteria useful for distinguishing different facies in a mixed depositional sequence. In 

order to achieve this, the samples used are indicated below (Figs 6.30, Table 6.14). 

 

Fig 6. 30 Seismic profile of line P74-45 showing the Pleistocene part of the well U1386 analysed (blue rectangle). This section houses 
interbedded turbidite, contourite, debrite etc. 
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Pliocene 

  

U1386  Unit  Sample Point  Facie type  

U1386B43x1 (15, ) SANDY CONTOURITE  

U1386B43X2 W (15,50,75) MUDDY CONTOURITE 

U1386B43X4 

U1386B43X5 
 

W(15,65,115,140) 

W(15,40,65,115) 

SILTY CONTOURITE 

U1386B44X4 W (25,75,125) TURBIDITE 

U1386B46X4 

U1386C7R1 

U1386C7R2 

U1386C7R3 

W(70,75,80,115) 

W(25,75,125) 

W(25,75,125) 

W(25,40,75) 

REWORKED SAND 

U1386C12R2 

U1386C12R3 

U1386C12R4 

U1386C13R1 

U1386C13R2 

W(15,65,115) 

W(17,65,117) 

W(17,67) 

W(40,90,138) 

W(40) 

DEBRITES 

U1386C15R W(25,75,125) SLUMP 

 

Table 6. 14 Showing the facies presented in the result section. 

6.7.2 Results  

The principal facies were identified. These included turbidites, contourites (muddy and sandy), 

hemipelagites, debrites and some unknown facies. The grainsize statistical parameter for just a few 

selected sequences is presented, based on the assumption that they are representative of that particular 

facies. 

Contourites 

In the Pleistocene section of U1386 and U1387, contourite lithofacies are common. Following core 

description and analysis of the Pleistocene section, U1386 and U1387 showed very few complete 
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contourite sections (C1-C5) but a lot of incomplete base cut-out and top cut-out contourite C3-C1 or 

C3-C5 were observed. Muddy, silty and sandy contourites lithofacies are observed. All three of the 

lithofacies showed an increase in grainsize values followed by a decrease in grainsize trend known as 

bi-gradational. The contourite facies were observed during the core description of the study area. A 

couple of complete contourite sequenced selected from draw logs were analysed here. 

However, for both sequences, detailed grain size analysis was done for the top, mid and bottom section 

as presented in table 6.15. The first sequence (1) is from U1386B43X2 (W15-W115) and the second 

(2) is from U1386B43X3 to U1386B43X4. For simplicity in the description the base middle and top 

sections are referred to as A, B and C respectively. In order lithological units were four or five point 

are selected they are referred to as D or E.  

Muddy Contourite  

The muddy contourite sections (U1386B43X2 W15-W115) analysed in U1386 showed a change from 

unimodal base to a bimodal middle and a unimodal top. The unimodal base and top have similar modal 

values 6.160ɸ(7.347 µm) (Appendix D .11), while the bimodal middle is approximately 7.568 and 

4.924 ɸ (5.285& 33.05µm) for mode 1 and mode 2 respectively. The mean grain size at the top (A) 

and base(C) of the sequence is 7.149 and 7.317 ɸ (6.271 and 7.048) respectively and the middle 

section(B) has a higher mean value of 7.023 ɸ (7. 690µm). All three sample points in muddy 

contourites are poorly sorted, Table 6.15. 

 

Table 6. 15 Showing a typical example of the grain size statistical analysis of a muddy contourite sequence in well U1386  

Silty Contourite  

The silty contourite has similar modal distribution as the muddy contourite i.e. the base and top (A and 

C) are unimodal while the middle (B) is bimodal (Appendix D.10). Although within each sequence 

there are two unimodal sections and one bimodal section, the actual mode values for the unimodal 
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sections are similar to one of the modes in the bimodal section (table 6.16). However, the mode value 

for sandy contourite (especially the middle section) is relatively higher than the muddy contourite. The 

same applies for the mean grain size value. The Mode for A and C is between (7.347-7.568ɸ) and 

(5.285-6.160µm). At each point in the middle (B) one mode (primary) is higher than the second 

(secondary mode). The primary mode is between (~6.925-7.547 phi) and (60.87-177.3µm) while the 

secondary mode ranges between 2.5-4.9ɸ (7.127-7.568µm) Table 6.16.The mean grain size for top and 

base are 6.925-7.547ɸ (5.346-8.229µm) and the middle is 4.612-6.267 ɸ (12-40µm). Basically, the 

section also shows the increasing mean values from base towards middle and decrease from middle 

towards the top. The coarsest silt contourite section i.e. Very fine sandy very coarse silt has mean grain 

size between 5.0 -5.3Phi (20-28um) are very poorly sorted, fine to very fine skewed and have 

platykurtic kurtosis curve (Appendix D.10, D.12). The contourite mud although poorly sorted, appears 

to have relatively better sorting values than the silty contourite especially around the middle section. 

Also, all muddy contourite showed similar kurtosis and sorting as its top and base, while the middle 

section of the silty contourite has very distinctive and different statistical parameters from the top and 

base. e.g. the middle is platykurtic while the top and base are mesokurtic. Also, the middle has very 

poor sorting and the top and base have poor sorting. Therefore, is confirmed to have a 1-2-3-2-1 type 

sequence. 

 

Table 6. 16 A typical grain size statistical analysis of a muddy contourite sequence in well U1386. 
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Table 6. 17 Showing a typical example of the grain size statistical analysis of a muddy contourite sequence in well U1386. 

Turbidites 

The grainsize statistical parameters from the few sections that have clearly turbidite sequence features 

indicate that they are fining upwards. The mean ranges between 7.548 -4.37ɸ (5.342-48µm). At the 

base of the sequence the mean is mostly very coarse silt and some sandy silt, very poorly sorted, very 

platykurtic and bimodal or trimodal (Appendix D.14). While towards the top of the sequence is fine 

silt, poorly sorted, unimodal and mesokurtic (Appendix D.13). The primary mode value at the base of 

the sequence is comparatively a lot higher (e.g. 1.178) than the primary mode of the top section and 

the modal value is different across the sequence. An example of a typical modal distribution from each 

texture is presented in Table 6.17 

Although the base of one of the turbidite sections (U1386B44X4W128) has high mean size, very poor 

sorting and very finely skewness values. It has a unimodal and very leptokurtic distribution. 

 

Table 6. 18 Showing a typical example of the grain size statistical analysis of a muddy contourite sequence in well U1386. 
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Reworked Turbidites   

The early Pleistocene of well U1386, there are several amalgamated sand-rich sediment layers. All the 

grainsize statistical parameters except for the mean size are similar from one layer to the other. For 

instance, all the layers sampled in C7R3 are bimodal, coarse skewed and all the values for the primary 

mode for each layer is the same (so is the secondary mode). The primary and secondary mode values 

are exactly the same or very similar from the top to the base of each section (Table 6.18). The sorting, 

kurtosis, skewness and modality across a single sequence fall within the same range as well (Appendix 

D.15). 

In 7R3, although the skewness sorting and mode are similar from top to bottom, the mean value and 

kurtosis values are higher in the middle of the sequence. This mean size varies from low at the top to 

high at the middle and low at the base, indicating bi-gradation, which is a distinguishing criterion 

similar for contourites.  

 

Table 6. 19 Showing a typical example of the grain size statistical analysis of a muddy contourite sequence in well U1386  

Debrites / Soft Sediment Deformation 

The section interpreted as debrites occurred in the Pliocene section. The mean grainsize statistical data 

for this section shows no obvious trend. The intervals are all very poorly sorted (table 6.19). Although 

a couple of points show a unimodal distribution, most of the other intervals sampled are either bimodal 

or trimodal (Appendix D.16). The modal values like in turbidite sections are different throughout the 

sequence. 
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Fig 6. 31 Showing modal distribution of a typical A) Reworked sequence B) Muddy Contourite sequence C) Turbidite Sequence D) Silty 
contourite sequence E) Debrite F) Reworked sequence  

The part with single mode is fine silt but bimodal and trimodal, one of the modes is in order of 

magnitude higher. For instance, a trimodal section of fine silt, fine sand and very coarse sand or a 

bimodal section had mode value representing very coarse silt and very coarse sand. It is worthy of note 

that the intervals have platykurtic distribution (probably since they contain large particle range in the 

tail of its distribution) while only a few intervals have mesokurtic distribution. 

A B 

C D 

E F 
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Table 6. 20 Two sections of Pliocene debrites showing soft sediment deformation and a mixing of nannofossils mud and shelly silty 
sands. 

Slumps 

The slumps have similar mean size throughout the section. In addition, all the points in the section 

are poorly sorted, symmetrical, mesokurtic and unimodal in nature (Fig 6.20, Appendix D.17). 

 
Table 6. 21 Two sections of Pliocene debrites showing soft sediment deformation and a mixing of nannofossils mud and shelly silty 
sands.red rectangle is zoomed in section of 339-U1386C-15R-4 W47-76 Blue rectangle is zoomed in sections of 339-U1386C-12R-2 W 
(26-42). 
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Table 6. 22 Summary table of statistical data for contourite, turbidite and reworked sediment
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Fig 6. 32 Stratigraphic column showing the 5 IODP339 wells. Yellow rectangle =core samples available, blue rectangle =Pleistocene section used for GZ analysis, red rectangle= Holocene section 
used for grain size analysis. 
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6.8 Detailed Contourite Grainsize Analysis  

6.8.1 Introduction 

This section was included with the aim of analysing any lateral variation in contourite grainsize and or 

downhole variation. In order to achieve this, the first set of analysis examines contourite samples from 

the early Pleistocene section while for the later, samples from early Pleistocene and Holocene section 

were analysed and compared. 

6.8.2. Early Pleistocene Contourite  

This section indicates the characteristics of the contourites laterally by analysis of samples of similar 

age (early Pleistocene) from the 5 different IODP wells. The exact depth from which samples are 

collected are presented in table 6.24 below  

Well  No of 

samp

les  

Section 

Analysed  

~Depth  

mbsf 

Mean (Phi) Sorting  Skewness  Kurtosis  

    Max  Min Min  Max Min  Max Min Max 

U1386 21 B43X 390 4.6 7.6 1.49 2.49 -0.15 0.46 0.70 1.04 

U1387 18 C18R-19R 440 5.29 7.5 1.52 2.87 -0.23 0.12 0.72 1.05 

U1388 44 B20X-23X 178 4.05 7.62 1.66 2.68 -0.20 0.64 0.67 1.14 

*U138

8 

13 A1H1-H3 3 1.60 2.25 0.47 1.43 -0.05 0.45 1.07 2.43 

U1389 31 E38R-39R 680 4.76 7.71 1.49 2.31 -0.13 0.51 0.73 1.06 

U1390 91 A33X-

35X 

290 4.07 7.74 1.65 2.81 -0.23 0.57 0.65 1.17 

 

Table 6. 23 Showing the depth from which samples are selected (for Pleistocene and Holocene*) and summary of the minimum and 
maximum values for the statistical parameters. 
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Mean for Early Pleistocene: Analysis of the contourites in just the Pleistocene section of the IODP 

wells alone revealed an average mean grain size of between 1.60ɸ and 7.74 ɸ which corresponds to 

fine silt to very coarse silt grain-size (GZ) fraction (Fig 6.33). The samples of individual mean grain 

size show more distinct trend for the Pleistocene sample for each well (Appendix 18 and 19). Well 

U1386 samples have mean values ranging from 4.6 ɸ to 7.6 ɸ; that is from fine silt to very coarse silt 

(and an average of 6.62 ɸ) and shows a couple of increase in trend from top to base of the sampled 

section. A plot of the mean grain-size (GZ) for this well U1386 and shows a decreasing GZ trend from 

top of section to base of section (Appendix 18A). The contourite sequences toward the top of the 

interval (e.g. near mid Pleistocene) are relatively higher than the mean grain-size for the sequences at 

the bottom (early Pleistocene).  

For well U1387, the mean grain-size ranges between 5.29 ɸ and 7.5 ɸ which corresponds to fine silt –

coarse silt (with an average of 6.78 ɸ). Approximately, 88 % of the mean grain size is greater than 6.0 

ɸ (smaller than medium silt) and ~12% fall within the coarse silt fraction. The plot of U1387 mean 

grain size show repeated change from change from fine silt fraction to coarse silt and back to fine silt. 

(Appendix 18B)    

For Well U1388 the GZ ranges between 4.05ɸ to 7.6 ɸ for the Pleistocene section that is fine silt to 

very coarse silt with an average mean GZ of 6.33 ɸ. The plot (Appendix 18C) shows an almost 

horizonal trend (around the 7 ɸ) over several intervals which changed into an oscillating trend (Fig 

6.18C).). The mean GZ in well U1389 ranges from 4.7 ɸ -7.7. ɸ with an average of 6.91 ɸ. 

 U1390 has mean grainsize value between 4.07 ɸ and 7.74 with an average of 5.93ɸ. The section has 

more coarse silts sections and fewer fine and medium silt fraction Appendix 18E. The plot of U1390 

mean grain size shows an overall trend very similar to that observed in the U1388 (Appendix 18 C and 

D).  

Sorting for Early Pleistocene: All the contourite sediments analysed (from the 5 IODP wells 

Pleistocene section) have sorting values ranging between 1.49 to 2.87 (Appendix 20). This implies that 

the contourites studied are either poorly sorted or very poorly sorted (Table 6.4) but the percentage of 

each of these varies from well to well. Note that the early Pleistocene sections, well U1388 and U1390 

have the worst sorting (i.e. have greater percentage of very poor sorting) (Appendix 6.21). 
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Fig 6. 33 Composite plot of a Mean GZ for selected contourite from all wells (U1386, U1387, U1388, U1389, U1390) calculated using 
Folk and Wards methods (Phi). S/N represents serial number. 

 

Skewness for Early Pleistocene: The contourite deposits have a wide range of skewness values 

(Appendix 22, Table 6.24). Well 1386, U1387 >60% of the sediments sampled are have symmetrical 

skewness. The remaining sediments have similar smaller percentage of fine skewed, very fine skewed 

and coarse skewed sediments. With the later mostly slightly larger. In contrast, well U1388 has almost 

half of the sediments (47%) of coarse skewed sediments, 18%   and 22% of symmetrically skewed and 

very finely skewed sediments respectively. Finely skewed sediments are fewest in this well (U388). In 

well U1390, the sediment has similar percentage of all four skewness types, but the symmetrical 

skewed sediments were slightly higher.  

Kurtosis for Early Pleistocene: The samples analysed has a combination of platykurtic, mesokurtic 

and leptokurtic sediments but the first two are the most abundant. (Table 6.24, Appendix Fig 6.34). 

Well U1386 the number of Mesokurtic samples are similar to the number of platykurtic. U1387 has 

predominately Mesokurtic sediments (78%) and 22% Platykurtic sediments. U1389 has similar 

number of mesokurtic and platykurtic sediments U1388 on the contrary has more platykurtic sediments 

(73%) and fewer 25 % Mesokurtic and only a couple of leptokurtic sediments. U1390 has similar 
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amounts of platykurtic and mesokurtic as few leptokurtic and very platykurtic and the distribution is 

like   U1388. Individual plot of each well is presented in Appendix 6.23  

 

Fig 6. 34 Kurtosis for selected contourite from all wells (U1386, U1387, U1388, U1389, U1390) calculated using Folk and Wards 
methods (phi)  

 

Bivariate plot for early Pleistocene 

The cross plot of sorting vs grain size shows two trends. The graph shows a strong positive linear trend 

followed by a slightly weak negative correlation negative linear trend (Fig 6.35A). The overall the 

finer sediments (between fine silt to coarse silt show) shows a direct relationship with sorting but 

coarse sediments (sediments >coarse silt) appears to have an indirect relationship. This means there is 

a threshold at around 5 –6 phi (coarse silt), that is after the threshold the sorting trend reverses and 

sorting values decrease as grain size continues to increase. The sorting in the finer grain fragment are 

relatively better than coarser grain fragments. Although the sorting in the fine silt is categories as poor 

(fig 6.35A), fine silt is relatively the best sorted contourite grainsize when compared to the rest of the 

Pleistocene interval studied. The studied intervals do not contain sediments >7.7 phi, fine silt sediments 
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(which are poorly sorted). Notice that in the Pleistocene samples U1387, U1386 and U1389 plot is 

mainly below the U1388 and U1390.  

All the sediments align into a trend that looks like a ‘tick symbol’. The skewness has an indirect 

relationship with grain-size but changes to direct relationship. In essence, the skewness decreases 

(changing from symmetrical to coarse skewed) with increasing grain size up until medium silt. From 

medium to very coarse silt, the skewness experiences an increase in skewness (going from the coarse 

skewed to symmetrical, fine skewed and very fine skewed from value (Fig 6.35B). 

The cross plot of mean vs Kurtosis appears to have a gentle U–shape. Towards the left side of the plot, 

the value of kurtosis decreases as the grain size increases (Appendix 6.24) towards the middle of the 

plot as the around coarse silt section the kurtosis is constant (neither increases nor decreases). And 

around the right-hand side of the plot the kurtosis increases with increasing grainsize. Between fine to 

medium silt the kurtosis changed from leptokurtic to mesokurtic and then to platykurtic. The coarse 

silt sediments are mainly platykurtic. The very coarse silt sediments go from platykurtic to mesokurtic 

and then to leptokurtic. 

 The sorting vs skewness and mean vs kurtosis plot are presented in the appendix 25, 26 A&B. 

The plot shows sediments plotting in two almost parallel trends. Both the finer and coarse silts show 

numerous platykurtic samples, but the skewness varied. The coarse silts plot very differently from the 

rest of the samples; they are very fine skewed and mostly platykurtic with a few mesokurtic samples. 

The fine medium silts on the other hand are mostly coarse skewed to symmetrical with mainly 

platykurtic to mesokurtic kurtosis 
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Fig 6. 35 A) Mean vs sorting B) Mean vs Skewness for selected contourite from all wells (U1386, U1387, U1388, U1389, and U1390) 
calculated using Folk and Wards methods (phi).  
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6.8.4 Early Pleistocene and Holocene Contourite   

Mean 

 In order to identify any facie changes in the Gulf of Cadiz area over time, two intervals from different 

stratigraphic levels but from the same site (U1388) are analysed. The first was from the section in the 

Holocene and the second from a section in the Pleistocene (same as used above). The samples for the 

former were collected from hole A between 0-4mbsf (1H) and the later were recovered from Hole B 

between 178 to 215mbsf (20X-23X) Fig 6.36A. There appears to be a clear difference between the 

mean grain-size range for sediments from the Holocene section and those in the Pleistocene section. 

The former has sediments with mean grain-size between 1.6ɸ and 2.3 ɸ which corresponds to fine to 

medium sand while the later have a mean grain-size between 7.6ɸ – 4.0 ɸ that is fine silt to very coarse 

silt.  

Sorting 

The sorting, for Holocene section also shows a distinctly different trend from the trends for the 

Pleistocene section Fig 6.36B. The sorting value for Holocene sediments ranges between 0.4 and 1.4 

(which is well sorted to poorly sorted) while for the Pleistocene sediments the sorting value are 

between 1.6 and 2.7 (poorly sorted – very poorly sorted).  

Kurtosis 

The kurtosis of Pleistocene sediments of 0.6 -1.1 (Mostly platykurtic and mesokurtic) and Holocene 

sediments of 1.0-2.4 (leptokurtic and very leptokurtic and one mesokurtic). The kurtosis values in the 

Holocene section ranges from 1.06 (leptokurtic) to 2.43 (very leptokurtic). While for the Pleistocene 

section the sediment ranges between 0.68 (Platykurtic) and 1.14 (leptokurtic). 6.37B 

Skewness 

The skewness values in Pleistocene and Holocene section are 0.18 to 0.6 (Very fine skewed, Fine 

skewed, symmetrical, coarse skewed) and -0.05 to 0.43 (Fine skewed and very fine skewed) 

respectively. The plot in Fig 37A shows that the Pleistocene contourite has a very a wide range (about 

4 types of skewness). Therefore, some of its values (and types) overlap with the skewness values in 

the Holocene section. Both Holocene, Pleistocene section have very fine skewed and fine skewed 

sediment but only the former has coarse skewed and symmetrical sediments. 

Modality 

All the sediments in the Holocene section are unimodal. Pleistocene section is made up of both bimodal 

and unimodal samples points with just one trimodal sample. 64% of the sediments in the Pleistocene 

are bimodal and while the remaining 36 % are unimodal. 
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Fig 6. 36 Plots of statistical parameters for Holocene and Pleistocene A) Mean B) Sorting  



 

372 
 

 

 

 

Fig 6. 37 Plots of statistical parameters for Holocene and Pleistocene A) Skewness B) Kurtosis 
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Cross plots for Holocene and Pleistocene 

 The Mean vs sorting relationship shows clear but changing trends across the different grain-size 

sections observed (Fig6. 38B). Samples taken from the Pleistocene section show a decrease in sediment 

sorting with increasing grain-size for the fine to coarse silt sediments. After the coarse silt, a change 

in trend is observed. The very coarse silt section shows a slight increase in sediment sorting (decrease 

in sorting values). For the Holocene (sand-rich) sediment however, there is an increase in sediment 

sorting values with increasing grain-size. Note that  although both the fine silt section (in Pleistocene 

section) and fine sand (in Holocene section) show a positive sorting and grain-size relationship, (that 

is sorting value increasing with increasing GZ value), there is  a clear difference in their overall sorting 

range for the two size fraction. In essence, the Holocene section has a relatively better sorting which 

is most likely due to the unimodality of all the sample sections. The Pleistocene has a high percentage 

of bimodal sediments. The mixed sedimentation explains the poor sorting values for Pleistocene 

section. 

The mean vs skewness plot for Pleistocene and Holocene sample show a slightly similar trend to that 

seen in the mean vs sorting plot (Fig 6.38 A). The Mean vs skewness cross plot shows that the Holocene 

samples which are fine to medium sand size are mostly fine and very fine skewed. While the 

Pleistocene sediments cover all four skewness ranges. The negative relationship between grainsize and 

skewness between fine to medium silt   fraction. The fine silts have a symmetric skewness while the 

medium silt sediments are predominately coarse skewed. Between coarse silt and very coarse silt 

shows a positive relationship i.e. the skewness increases (from symmetrical to coarse skewed) 6.38A). 

The sand fraction which are the samples from the Holocene section, although not very clear, a trend 

showing a negative exists i.e. there is decreasing skewness with increasing grain size in the sand 

fraction. Although both the sand fraction and fine silt section both show negative GZ and skewness 

relationship, the skewness values in the sand fraction are relatively higher than those of the silt fraction.  

 The mean vs kurtosis plot (6.38C) shows a distinct trend in the Pleistocene section, first there is a 

change from mesokurtic to platykurtic (decreasing peakedness) is between the fine to medium silt. A 

constant platykurtic kurtosis for the coarse silt section but an increase in peakedness from platykurtic 

to leptokurtic within the coarse silt section. Studies from more contourite data show that increased 

peakedness continues from the coarse silt to the fine sand (Brackenridge et al., 2018).   
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Fig 6. 38 Cross plots of samples from U1386 Pleistocene and Holocene sediments A) Mean Vs skewness B) Mean vs sorting C) Mean vs 
Kurtosis 
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Although the trend is not too clear for the Holocene sediment (probably because of fewer samples) the 

fine sands tend to be clustered around the leptokurtic section while the medium sand is very leptokurtic 

in nature. This means there might also be a normal trend in the sand fraction 

The skewness vs kurtosis cross plot shows that the Holocene (fine and medium sands) have positive 

skewness and leptokurtic and very leptokurtic (Appendix 26A). The Pleistocene section is clustered in 

two sections, the first are the (coarse and very coarse silts) which also have positive skewness value 

but are mainly platykurtic. The second (fine-medium silts) in contrast has negative skewness (coarse 

skewed) and is mesokurtic-platykurtic. The sands are mainly fine skewed and leptokurtic (higher 

peakedness of distribution).  

Basically, there is a drastic change (increase) skewness and peakedness between fine silt and fine sand. 

The Holocene sediments are dominated by one grain-size, this is confirmed by modality while the 

Pleistocene sediments are equal or almost equal parts of different grain-size. As indicated by the 

platykurtic kurtosis curve and large number of bimodal samples. Skewness may be related to GZ, but 

kurtosis tend not to have a direct link with the grain size e.g. coarse silt has lower kurtosis (a wider 

range of GZ) than fine silt, and coarse silt has the highest (leptokurtic).   

The plot of sorting vs skewness also has an almost similar 3 clusters as seen in Skewness vs kurtosis 

i.e. 1) Pleistocene - coarse silt and medium silt, 2) Pleistocene -fine to medium silt 3) Holocene – fine 

to medium sand (Fig 6.39B). The group one has the highest sorting (i.e. is the poorest sorting) and 

positive skewness values. The group 3 also have positive skewness but has relatively better sorting 

(i.e. are moderately – very moderately sorted).  The group 2 have the lowest skewness value (coarsely 

skewed) and also poor sorting. The third group are mostly fine skewed average skewness but 

moderated sorting. 
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Fig 6. 39 U1386 Pleistocene and Holocene crossplots A) Sorting vs skewness B) Kurtosis vs Skewness (sample points colour coded 
based on their mean grainsize). 

A 
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6.9 Discussion: Facies and Textures  

6.9.1 Introduction  

Sedimentation in the Gulf of Cadiz (GOC) is controlled by tectonic activities, climate change and sea-

level fluctuations (Hernández-Molina et al., 2015). There is also a much strong impact of tectonics on 

the GOC seafloor morphology (Ramos et al., 2017). Tectonism is viewed as responsible for the 

structural relief and topographic features: the Guadalquivir, Cadiz and Donana diapiric ridges and the 

Guadalquivir Bank uplift. Sedimentation in the GOC has been dominated by bottom currents and 

contourites in the past 3 Ma, whereas the earlier Pliocene succession has a more mixed assemblage of 

turbidites, debrites and contourites with possible interaction and continuum of processes leading to the 

development of mixed, modified or transitional sediment facies (Stow, 2002a). Hemipelagites and 

pelagites are also deposited in the area (Fig 6.3). 

There is still much work required for understanding the distinguishing criteria of these different facies 

and the factors controlling the complex interaction of bottom current with other deep-marine processes 

(Alonso et al., 2014); (Hernández-Molina et al., 2016). This chapter has sought to differentiate between 

facies on the basis of sedimentological criteria (logging and composition), and then to document 

carefully the grain size characteristics of the different facies. For the turbidites, a large dataset from 

other parts of the world has been used in addition to the GOC turbidites. There are certainly many 

challenges remaining. For example: 

a) Where  there is deposition of mixed sediment facies, the grainsize data  might produce inaccurate 

results (Weltje and Prins, 2003).  

b) Reworking of turbidites by subsequent bottom currents might produce grainsize data that are 

diagnostic for contourites, turbidites, or inconclusive ( Stow, 1993; Shanmugam et al., 1993a,b). 

c) Partial sequences of both turbidites and contourites sequence (when either top, middle or base 

section is absent) can make it difficult to distinguish the facies on the basis of visual criteria alone. 

d) Bioturbation is not always present, or to the same extent, in all contourites – especially sand-rich 

contourites – so that this cannot be easily used as a criterion for distinction from turbidites. Equally, 

where deposition of fine-grained and thin-bedded turbidites has been slow and infrequent, the 

turbidites can be well bioturbated throughout. 
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For this study, in order to minimise any doubt when attempting to characterise the different facies of 

such a mixed depositional system as observed in the GOC, a combination of sedimentological analyses 

has been employed. 

6.9.2 Contourite Grain Size 

Grain size parameters are one of the fundamental characteristics of sediments, strongly linked with 

sedimentary environment, sediment supply, current energy and depositional process. Sediment texture 

is also a key attribute for assessing the nature of reservoirs and seals in the subsurface. There have 

been many hundreds of publications on sediment textures over the past six decades, since some of the 

early work that focussed largely on continental sedimentary environments  (Folk and Ward, 1957); 

(Mason and Folk, 1958); (Martins, 1965); (Pollack, 1961); (Friedman et al., 1992). Important syntheses 

of this work, including marine and deep marine environments, are published in a number of key 

sedimentology texts (Blatt et al., 1972); (Friedman et al., 1992); (Leeder, 1999); (Stow, 2005); (Bridge 

and Demicco, 2008) and (Boggs, 2009). The strong link between grain size and porosity-permeability 

characteristics is highlighted by (Selley, 2000) and (Gluyas and Swarbrick, 2004) amongst others. 

However, there are still relatively few papers documenting the grain-size characteristics of contourites 

(Stow, 1984a); (Stow, 2008); (Mulder et al., 2013); (Brackenridge et al., 2018).  

This last paper (Brackenridge et al., 2018) is a particularly important synthesis of grain-size data from 

the Gulf of Cadiz contourites, based mainly on gravity and box core samples from near-surface 

sediments. In this study, I have incorporated these data with the new grain-size analyses from the IODP 

wells, and the expanded cross-plots of grain-size parameters clearly reinforce the validity of 

relationships and sinusoidal trends established previously. The new data points greatly extend 

information on clay to coarse silt, and some very fine sand contourites. Here, I further develop the 

interpretation and discussion below, with reference to a simplified overlay of the three cross plots – 

mean size vs sorting, mean size vs skewness, and mean size vs kurtosis (Fig. 6.16A). Using the mean 

size vs sorting as a base, we define three main contourite types as follows.  

Clay to fine silt contourites: These very fine-grained contourites (mean 9 to 5.5 phi, 2-20 um) show a 

general poor to very poor sorting trend, low to zero skewness, and a platykurtic distribution. These 

characteristics are compatible with deposition in the absence of current control (i.e. hemipelagic 

deposition) to that beneath very weak bottom currents (< 10 cm/s). Much of the material will have 

been transported as larger flocs, so that the disaggregated grain-size character illustrated here is 

difficult to fully interpret. The broad scatter of points as well as the clustered trends from individual 
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sites are most likely due to intensive bioturbational mixing, as well as to different proportions of 

principal components, as suggested by the platykurtosis.  

Medium silt to fine sand contourites: This range of contourite grain sizes (mean 5.5 to 2.25 phi, 20-

200 um) are strongly influenced by bottom-current deposition and winnowing. We refer to the 

distinctive trends of grain-size parameters (Fig. 8) as the standard contourite depositional trend. These 

are from very poor to well-sorted, zero to fine-tail to coarse-tail skewness, and from very platykurtic 

to leptokurtic. Overall, sorting of coarser sediments is better than finer sediments. This study agrees 

with (Brackenridge et al., 2018) that the finer sediments within this range are mainly deposited from 

suspended load, whereas the saltation load becomes progressively more prevalent as the grain size 

increases from coarse silt to fine sand. The change from fine-tail to coarse-tail skewness follows this 

trend and indicates transition from a deposit controlled principally by the maximum carrying capacity 

of the current (10-20 cm/s), to one affected by progressive winnowing at higher current speeds (15-25 

cm/s).  

 Medium and coarse sand contourites: These purely sandy contourites (mean 2.25 to -0.5 phi, 200-

1250 um) are strongly influenced by bottom current action. They show a general trend in grain-size 

parameters, with some degree of scatter, from well to poorly sorted, coarse and very coarse-tail skew 

to zero skew, and from mesokurtic to platykurtic. Strong current winnowing, and grain saltation is 

augmented by widespread bedload traction, which increases in importance with increase in grain-size. 

The suspended load is swept downstream from the depositional site. The greater scatter of data points 

in this sector is due to innate variability in current speed, and a distinctly mixed supply of different 

source material, both siliciclastic and bioclastic.  

These interpretations of the different contourite grain-size classes are compatible with work by 

previous authors {(Allison and Ledbetter, 1982); (Brunner, 1984); (McCave, 1984); (Viana et al., 

1998); (Faugéres, 2011); (Alonso et al., 2016); (Brackenridge et al., 2018)}. The three classes can be 

related to the contourite end-member models proposed by (Brackenridge et al., 2018) as follows: clay 

to fine silts (model B), medium silt to fine sand (models C and D), and medium to coarse sands (model 

A). The principal controls on these textural properties are current speed, sediment supply, flocculation, 

and bioturbation. 

Current speed: The link between contourite grain size and bottom-current speed has long been 

recognised (Ledbetter and Ellwood, 1980) and (McCave, 1984), and is proposed as the principal 

control to explain the standard bi-gradational sequence model for contourites (Gonthier et al., 1984); 

(Stow, 2002c); (Stow, 2008). The (de-carbonated) grain-size fraction between 10-63 um, known as 
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sortable silt (SS), is commonly used as a proxy for current speed (McCave et al., 1995, McCave, 2008). 

However, the sortable silt size range currently used matches only one trend on the mean size vs 

skewness (Fig. 8), whereas the distinctive contourite depositional trend, which we identify in this paper 

from the grain-size vs sorting cross-plot, is from 20-200 um. We therefore propose that a new sortable 

silt and sand proxy (SSS) should be developed to better reflect the full grain-size range that is strongly 

controlled by current speed. Work is currently in progress on this topic. 

Sediment supply: The sediment source and supply route also have a significant influence on grain-size 

properties. For contourite systems, there can be supply from vertical settling of pelagic material, slow 

hemipelagic advection, lateral input from turbidity currents, and directly from the bottom currents via 

local or more distant seafloor erosion. Stow et al. (2008) attempt to constrain an overall sediment 

budget from these different sources for a ‘typical’ contourite drift, but readily acknowledge that 

different drifts and different parts of the same drift will receive material from these sources in varying 

proportions.  

For the Gulf of Cadiz contourites documented in this paper, we interpret the broad scatter of data points 

as in part due to different sedimentary material from a range of sources. This is especially true for the 

finest (clay-silt) and coarsest (medium-coarse sand) contourites for which current speed is not the sole 

or principal control on grain size. The locations of sites U1388, BC05, PC04, PC06 and PC08 are much 

closer to Gibraltar gateway than U1386, U1387 and U1389 (Fig.1), and are therefore affected by both 

different current speeds and different sediment supply. Brackenridge et al. (2018) pointed out samples 

from PC04 and PC06 have parallel but separated trends, which they interpret as sediment supplied to 

PC04 from the Southern Channel, which transports sediments from the Gibraltar gateway and its 

adjacent margins, and sediment supplied to PC06 mainly from downslope processes. There is similar 

partial separation of trends for sites U1386, U1387 and U1389. 

6.9.3 Turbidite Grain Size  

Mean size vs sorting 

The mean grain-size is a good indicator of turbidity current flow energy and the size range of available 

materials occurring during sediment transport and deposition (Sutherland and LEE, 1994). The wide range 

of mean grain-size in the turbidites presented here indicate a wide range of flow energy (and/or source 

materials), including very high-energy turbidity currents depositing gravel and very low-energy flows 

depositing mud turbidites. Assuming critical depositional velocity of for fine-grained material as 

proposed in (Einstein and Krone, 1962), the silt-laminated mud turbidites were likely deposited by 

currents with velocity of about 9-16 cms-1. Flow speeds for the coarse-grained turbidites of the 



 

381 
 

Laurentian Fan, by contrast, have been estimated at > 8 ms-1. However, note that the exact velocity is 

not always accurately estimable from grain size analysis due to the possibility of presence of 

flocculated sediments or particles (e.g. fossil fragments) with varying density. For instance, clay will 

rapidly deposit from turbidity current if it is flocculated. The mean grain size is a function of both the 

energy of the transporting medium and the origin of the sediments.  

Sorting depends on several factors including source of material, nature of sedimentary process (e.g., 

wave or current) and uniformity and persistence of energy conditions (Glaister and Nelson, 1974). The 

samples presented here show an abundance of both moderately sorted, poorly sorted and very poorly 

sorted samples. Due to the turbulence and high velocity of a typical turbidity current (Stow and Bowen, 

1980), the current usually carries a mix of different size of sediment grains, thus it is not surprising 

that the composite sorting plots (Fig 6.18) show a high percentage of poorly and very poorly sorted 

sediment. The variation of sorting values might also be due to a very mixed sediment source and/or to 

the addition of different sizes of materials in varying proportion continuously throughout the life of 

the turbidity current (Ramanathan et al., 2009). Flow duration, transport distance and flow type (e.g. 

uniform or surging turbidity current) also affect the sediment sorting. 

In the bi-variate plot of mean size and sorting, a wide range of mean grain-size and varying sorting 

trends are observed for turbidites (Fig 6.22). Rather than just the V-shape described in (Inman, 1949) 

and (Griffiths, 1951) the turbidites make a ‘W’-shape. For instance, when the mean and sorting values 

for samples from individual locations are plotted, just parts of the W shape manifest i.e. a V-shape, 

inverted V or even the right or left half of a V is observed, or no clear trend observed. (Griffiths, 1951) 

suggested that sorting is strongly a function of mean grain-size and as such, the well-sorted sediment 

in any environment will be medium to fine sand fraction. This implied that sorting for any fraction 

coarser or finer than medium to fine sand will worsen (be poorly to very poorly sorted). The implication 

of this is that if a sediment starts with poor sorting but attains its best sorting value and the mean 

continues to decrease, the sorting will only get worse forming a v-shaped curve. Our study has found 

that in turbidite the above assumption is not completely accurate. The medium to fine sand fraction 

has some well-sorted samples but that section also has very moderately sorted, poorly sorted and very 

poorly sorted samples as well. In addition, there is not just one size fraction with some well or 

moderately sorted sediment. As the sediments get finer another range (fine silt) shows improved 

sorting as well (e.g. Bengal and Angola are mostly moderately sorted) Fig 6.22c. In fact, three grainsize 

with relatively good sorting exist in the turbidite. They are fine silt/coarse clay, fine sand, medium 

pebble-size. 
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Although the trend shows that to an extent, sorting is dependent on the mean grain-size. 

Fundamentally, for turbidite, the mean sorting relationship is not that straightforward and the 

relationship changes depending on what size fraction is being considered. The degree of scatter and 

the separation in the trend, however, shows that for turbidites or parts of a turbidite sequence, other 

factors are equally as important as or even more important than mean grain-size. Such factors include, 

the type and composition of the material supplied, strength/velocity of the turbidity current; long-term 

variability of the successive turbidite currents type of turbidity current; the shape /orientation of the 

grains and the location of deposition of turbidite e.g. channel or levee, submarine fan etc. 

The nature of the mean size vs sorting bivariate plot is one of considerable scatter of points, although 

for individual turbidite systems the points may be more closely clustered or aligned in more distinctive 

trends. The reasons for such variation in pattern and trends are as follows:  

a) Different triggers for or types of turbidity current acting in the area: In essence, the sorting will be 

extremely poor if a mixed grain-size sediment is eroded and deposited by a short-lived, high-energy 

turbidity current. When the current comes to a halt suddenly, and the sediment load is dropped very 

rapidly, the sediments has not had time to be sorted during the deposition process. Hence, the dumped 

sediment will be made up turbidite with a wide range of grainsizes mixed together causing poor sorting. 

On the other hand, if the turbidity current is long-lived, the lower velocity turbidity current will 

naturally slightly sort the sediments and first deposit coarser sediments with a few fines and then 

mainly fine sediment will be deposited later. 

b) The nature of the flow affects the resulting current: Changes in the velocity during the life of one 

turbidity current (Kneller and Buckee, 2000) or the possibility of varying turbidity current in different 

locations also explains why sediment with similar grain size bracket (e.g. coarser sections >5phi having 

more scatter) can have different sorting range. Fig 6.18. The head of the turbidity flow will deposit 

sediment with a different sorting than the tail of the turbidity flow. This explains why the sorting in a 

complete turbidite sequence tends to decrease from base to top of the sequence. U1386 turbidite 

sequences show extremely poorly sorted base sections and finer top section is poorly sorted. In 

addition, that also means geomorphology which affect velocity can be a factor that indirectly affects 

the sorting, porosity and consequently hydrocarbon potential in turbidite. 

c) If the source material has originally very poor sorting, this attribute may be passed onto the deposited 

turbidite, at least in part. Conversely, if the original source is very well sorted (a fine sandy beach or 

coastal dunes, for example) then the final turbidite will remain very well sorted.  
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d) Location of the turbidite and grainsize distribution: Sediments that were deposited on the continental 

rise such as Bengal fan sediments, NE pacific sediments and the WN Atlantic sediments (Fig 6.21) 

appear to be relatively better sorted and finer sediments. This is because the gradient on the continental 

rise is not as steep as that of the slope that equates to lower turbidity current velocity and better sorting. 

In addition, around the continental rise most of the coarse sediments is expected to have already been 

deposited, consequently, leading to a change in the hydrodynamics as the flow density and gradient of 

sea floor changes.  This change is reflected on the grain-size statistical parameters. 

Implications of The Trend Changes in Mean Versus Sorting Plot 

Threshold 0f (coarse sand) is the beginning of the grain-size range 0-5phi. The threshold marks a 

change in velocity of turbidity current as the seafloor gradient changes and coarse grain percent 

reduces. The change of trend starting from 0phi is possibly due to gradient change shelf slope and rise 

turbidite which leads to velocity change as explained above. The coarse (~ 3.5phi) better-sorted 

sediment may be turbidite that fell out of suspension because of their weight and not decreased 

velocity. The coarse sediments and finer sediments (remaining in suspension) become mixed when the 

turbulence increased (probably around the slope) causing the sorting to become poorer and the average 

grainsize reduced. 5.5f, is also an important threshold in the mean vs sorting bivariate plot because at 

this point there is another clear trend reversal. The samples to the left of this threshold (Fig 6.22B & 

C) must have been deposited on the distal part of the fan, continental rise, basin floor or abyssal plain 

e.g. Indus fan, Bengal fan, NE pacific. The reverse trend (better sorting with decreasing grainsize) is 

due to the opposite hydrodynamic. As flow exits the slope channel or canyon, it spreads out the 

submarine fan on the continental rise, which can cause a drastic reduction in the velocity of the current 

and the amount of sand in the system. Obviously, the proximal part of the fan will show the worst 

sorting as the velocity is still slightly high but by the distal part of the fan, the flow would have reached 

its waning stage. As velocity reduces, the finer materials, which remained, will begin to settle. Hence, 

the finer silts will be more unimodal, and the sorting generally improves resulting in the clear trends 

in this 5-9phi section (Fig 6.22B & C). This change in statistical parameter is partly a result gradient 

difference (due to the physiography of the seafloor) and the mean vs sorting plots reflects this change. 

Therefore, the mean vs sorting plots is important in predicting original location of sediment deposition 

especially for reworked sediments. 

Mean size vs Skewness 

The distribution of skewness values across each of the grain size ranges (Fig 6.23) shows that turbidites 

show a range of fine skewed, normal and coarse skewed grain size distributions. This study shows that 

skewness is partly a function of mean grain size and the shape of the different skewness values within 
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each grain size is due to mode mixing. In a turbidite environment, the sediments have both unimodal, 

bimodal and trimodal sediments. In such a polymodal sediment, the proportion in which the sediments 

grain sizes are mixed determines the skewness. 

Mean size vs Kurtosis 

The leptokurtic to platykurtic nature of the sediments studied indicates that multiple environmental 

conditions must have contributed in the final turbidites. That is the sediments that make up the 

turbidites may have been derived from fluvial, eolian or marine environments. In addition, variation 

in kurtosis value is a clear reflection of the flow characteristics of the depositing medium (KOTOKY 

and SARMA, 1997). That means the turbidites sampled were deposited by turbidity current with 

varying flow regimes. This is no surprise since the data was sourced from different locations and the 

variation was confirmed above in mean grainsize discussion. For individual locations that still showed 

wide range of kurtosis (such as the Indus cone, NW Atlantic etc.), the turbidity current must have had 

fluctuating velocity over its lifespan. 

The medium silts to clay grainsize range are predominantly platykurtic (gentle peaked) to mesokurtic 

(normal peaked) sediments. The large number of the platykurtic suggests that during the process of 

deposition of the (medium silt–clay) grainsize fraction there was continuous addition of finer and 

coarse materials in different proportions. This is consistent with sediment deposited by turbidity 

current. The dominance of finer grain sediment with platykurtic kurtosis in areas like the Indus fan, 

GOC (U1386 and U1387) and Okinawa trough is an indication of immature sand. That has a lot to do 

with the short distance and / or short duration of the turbidity current. The poor to very poor sorting of 

samples from these locations as well confirms this since the GOC for instance is known to have 

experienced varying depositional processes during the Pliocene. The influence of other processes 

(contourites, hemipelagite) can lead to addition of fine or coarse sediment to the already acting 

sediment laden turbidity flow, thus lowering the kurtosis values.  

For the coarser sediments, they have a mixture of mesokurtic, leptokurtic and very leptokurtic 

sediments which suggests that energy level of the depositing current fluctuates periodically and also 

varies from one geographic location to another. The extremely leptokurtic sediments (mostly from the 

Nova scotia) implies that in the turbidites a proportion of the Nova Scotia  sediments were sorted 

elsewhere in a high energy environment (Friedman, 1962). Provenance in the Nova Scotia is implied to 

be from varied sources. 

There is also a relationship between kurtosis and mean grainsize, but it is not a straight-line curve. The 

variation of the types of kurtosis values across the different mean grainsize especially 2-6 is due to the 
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sub equal or tilted proportion in some sediments in some locations and not in others. Additionally, the 

varying velocities at different stages of a turbidity current flow can be a factor. Usually, in shallower 

marine environments, fines are deposited towards the tail end and remain on their own in suspension; 

hence fines are expected to have more leptokurtic curves. This is different from what is observed here, 

the turbidite between 6-9phi have only few leptokurtic curves. Depending on the source of sediment, 

or the transport path, the fines can be mixed in with coarse fossil shell fragments. This large but lighter 

fragment although deposited by lower velocity can lead to platykurtic kurtosis curve. Another 

possibility that the turbidity current as the name implies is more turbid and can therefore transport in 

suspension with larger sediments easily other currents. Between 2-6 phi there are large amount of 

sample points with kurtosis leptokurtic curve, very leptokurtic and extremely leptokurtic curves. This 

is in line with what is expected. 

Skewness vs Kurtosis 

In turbidites, there is some relationship between kurtosis and skewness, but the relationship is not 

straightforward. There is no clear trend between skewness and lower value kurtosis (platykurtic, 

mesokurtic and leptokurtic sections). The presence of all skewness range within turbidites with 

platykurtic, very platykurtic and mesokurtic samples is normal. The large variation in the skewness 

value implies that turbidites that are platykurtic and mesokurtic can either be positively skewed, 

negatively skewed or symmetric. This variation in the curved shape of turbidites is because of the 

turbulent nature of a typical turbidity current. Even where a source sediment may have been unimodal, 

after being transported by turbulent current /flow, the unimodality will be distorted by the addition of 

very little or a lot of another sample size population, thereby changing the shape of the curve (i.e. its 

skewness and kurtosis). 

The platykurtic and very platykurtic sediments are related to the strength of the turbidity current 

(surging). In general, the platykurtic sediments would have been deposited by relatively higher energy 

flows than the leptokurtic and very leptokurtic and extremely leptokurtic sediments. The surging flows 

cause the deposition of polymodal (bimodal or trimodal) turbidites and hence a more platykurtic 

distribution. The coarsely skewed platykurtic sediments are polymodal (either bi or trimodal), but its 

primary modes are fine sediments with a large amount of secondary mode(s) grain size. Fig 

6.31.(section A). The majority of fines in this section are deposited by lower velocity or waning 

turbidity current, hence the primary mode of fines. Basically, the fines (which remained in suspension) 

and the coarser sediments are deposited together. The mesokurtic and platykurtic sediments (B- Fig 

6.31) have sub-equal modes of different grainsizes. 
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The extremely peaked kurtosis sediment can be either finely skewed or coarse skewed with little or no 

meso-kurtosis. Very leptokurtic and extremely leptokurtic sediments are often unimodal. However, 

this is not always the case, and the degree of unimodality can affect the peakedness and skewness. The 

plots of some of the very leptokurtic to extremely leptokurtic turbidites around the mesokurtic 

skewness range (2b and 3 in fig 6.31) is an anomaly (if considered with reference to past statistical 

grain size cross plots). The anomaly can be due to: 

a) the sampling of sediments from varying locations: each of which must have experienced varying 

sedimentological and tectonic processes.  

b)  Unimodal sediments with a small secondary mode (which is common amongst turbidite sediments). 

 

 
Fig 6. 40 Cross plot of kurtosis versus skewness for all data showing increasing velocity and modal distribution 

The sediments that plot in fine skewed and coarse skewed parts of the very leptokurtic and extremely 

leptokurtic (sections A in Fig 6.40) are unimodal hence the skewness and peakedness of the curves.  
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a) The unimodality can be due to the turbidity current velocity. Hence, the kurtosis value will increase 

with decreasing turbidity current velocity. Waning velocity causes gradual deposition of the fine 

suspended load. 

b) The length of the time the sediment remains in suspension. The coarse skewed very leptokurtic and 

extremely leptokurtic sediments are most abundant because the fines tend to remain in flow for a longer 

time hence, they are better sorted, peaked, and form leptokurtic or very leptokurtic curves. Also, the 

less the secondary mode in the sediment the more extreme the leptokurtic value. 

c) Supply of an already well or moderately sorted sediment to the system and/or of sediment samples 

that are negatively skewed and extremely leptokurtic (e.g. F in fig 6.40). 

The few mesokurtic turbidites observed can be explained as polymodal sediments that appear like 

unimodal sediments because one grainsize proportion is relatively higher than the other(s). An example 

is the presence of large fossils amongst other finer sediment substrate as seen in U1386 sample 

The few large secondary modes must have been deposited by lower velocity or waning turbidity current 

and as such its primary mode will typically be the fines (which remained in suspension). The larger or 

pebble sized fragment were either deposited by another transport mechanism or shell fragment that are 

light enough to remain in suspension and with the fines till the tail end of the turbidity current. 

Sorting vs Skewness  

The varied skewness and relatively poor sorting noted (A-Fig 6.41) for many turbidites is the result of 

deposition by high-velocity turbidity currents, typically with distinct velocity pulsation (Sahu, 1964). 

The moderate to well sorted turbidites tend to have a narrower range of skewness. As a whole, the 

turbidites present a fairly broad cluster on the sorting-skewness plot that is distinct from both river and 

beach sediments and, interestingly, also separated from the contourites cluster (B-Fig 6.41) 

Kurtosis vs Sorting  

The graphical kurtosis not only describes the peakedness of the grain size distribution on a frequency 

curve but also measures the ratio between the sorting in the tails of the curve and the sorting in the 

centre of the curve (T Jiang et al 2014). Thus, the curve is platykurtic if the curve is gentle and the tails 

are better sorted than the centre, it is leptokurtic if the centre is better sorted than the tail and mesokurtic 

if the sorting values in the central and tail region of the distribution are sub-equal. The bimodal mixing 

of equal amounts of two modes will give the worst sorting and consequently the lowest kurtosis value 

(very platykurtic). Sub-equal mixing of sediment will also show poor sorting and still a low kurtosis 

value (platykurtic) when the unimodal sediments will have the best sorting and a kurtosis value of 

Greater Tectonic  control 
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unity (1) that is mesokurtic or near mesokurtic. Finally, when one mode is more dominant, and the 

other mode subordinate the highest kurtosis values are attained (i.e.) leptokurtic or very leptokurtic 

depending on the ratio of the dominant to subordinate. Kurtosis gives an indication of unimodality in 

studies where it may not be immediately apparent from grainsize distribution curves. 

 

 

Fig 6. 41 Cross plots of sorting versus skewness showing the sections of beach sands, river sands, turbidites and contourites
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If a data set that appears unimodal on a distribution curve gives leptokurtic rather than mesokurtic 

(normal kurtosis value) reading on a kurtosis curve, this is an indication that the sample is not truly 

unimodal but actually slightly bimodal. Perhaps the secondary mode is too small to show up on a 

cumulative plot (on a probability paper) because most of the sediments are either platykurtic or 

leptokurtic. Extremely high or low kurtosis value would indicate that the one mode was sorted 

elsewhere and then transported into the system where it was mixed with another sediment. Kurtosis is 

low because the short timing of the surging turbidity current did not allow for distortion of the original 

sorting i.e. the mode retained their respective characteristics. 

If this hypothesis is correct, then for our data shown in the sorting vs kurtosis plot, we might infer that 

values kurtosis of <0.90 and sorting values of >1phi (as seen in most Bahamas, Nova Scotia, SE Africa 

and Hellenic arc turbidites) were deposited by surging turbidity currents. 

However, the more extreme the kurtosis, the more extreme the sorting in the previous environment 

and the less extreme the present sorting capacity of the new environment. Therefore, kurtosis values 

especially when plotted alongside sorting can give an indication of the source or source material and a 

good clue about the velocity of depositing current in the present environment. 

CM Plot  

A bi-variate plot of the coarsest one-percentile against the median grainsize, known as a CM plot, has 

been used to establish a possible relationship between the depositional environment and the 

hydrodynamic forces involved in the deposition of sediments (Passega, 1957, Passega, 1964, Passega and 

Byramjee, 1969) (Fig 6.42).  Critical velocity at which the first (coarsest) and each of the other size of 

particles are deposited does not only depend only on the size and concentration of the particles being 

transported but also on the grainsize range of the entire particles that form the turbidity current (Passega, 

1957). The separation of coarser sediments from the flow causes the flow to have sediments with less 

difference in size range to remain, that is if the area is not affected by another ‘sister’ sedimentological 

process(es). This effect, plus the time factor, leads to loss of strength and velocity in the current. The 

data from this study show two distinct trends parallel to the C=M line. Variability of parallel envelope 

may be because of variability in density of the depositing turbidity current 
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Fig 6. 42 CM Plots of A-turbidites and B- contourites  

Modality  

Bimodality and polymodality is common amongst the turbidites studied here (Fig 6.31). The spread of 

points on the kurtosis plots suggests that the number of bimodal sediments is probably 

underrepresented. This is probably because some of the secondary modes are present in small 

proportions, so small that they are not visible in the frequency distribution curve and can be easily 

mistaken for unimodal curves. The mixed modes greatly affect the grainsize statistical parameters as 

discussed above. The cause of this bi or polymodality can be deposition by surging turbidity current 

or by frequent fluctuation in the velocity of a normal turbidity current. Assuming a wide range of mean 

grain size is available at the source and are transported via surging turbidity current, they will all be 

deposited together after only a short distance and will be bi or even trimodal. Where a turbidity current 

experiences frequent fluctuation in velocity during its life, a high level of sediment mixing also occurs. 

For instance, If the initial surge of turbidity current has a high velocity (see fig 6.43 -1A) and is capable 

of transporting both pebbles sand and fine, as the velocity reduces, the pebbles will be deposited first 

as they are heavier and fall out of the flow current. However, the finer material is left in suspension a 

bit longer and subsequently deposited. Assuming the next turbidity current (B) has a relatively lower 

velocity than (A) and is only able to transport finer material, the fine materials from turbidity current 

A B 
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B when falling out of suspension (Fig 6.43-1B), can infiltrate into earlier deposited pebbles and over 

the fines. Samples taken proximally will most likely be bimodal and those taken distally might be 

unimodal. Hence, there is a relationship between modality and location of turbidite. In general, 

modality is dependent on the type of turbidity current, the frequency of fluctuation. 

 

Fig 6. 43 Schematics illustrating how the strength of current can affect the modality of a sediment  

6.9.4 Reworked Turbidites 

The deeper sections at both sites U1386 and U1387 show a variety of ‘mixed’ interbedded facies, from 

which it is possible to distinguish clear contourites, turbidites, debrites and slide deposits. The 

characteristics of these facies was described in Section 6.7. Here, I focus on the particular 

characteristics of those deposits that are somewhat intermediate between turbidites and contourites, 

and that are best interpreted as bottom-current reworked turbidites.  

For these reworked turbidites, the repetitive nature of most of the statistical parameters observed 

indicates that they appear to be a distinct facies class. Initially some of the values appeared to be similar 

to those of contourites while others looked like those of turbidites. 
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However, prior to detailed analysis, these sections were assumed to be just amalgamation of C3 

contourite divisions or A-B turbidite divisions. In depth analysis, however, shows that the mean values 

for instance were neither as high as those of turbidites or as low as that expected in contourites for 

some grainsize statistic values found.For the most part, it is easy to identify reworked turbidites 

because, apart from the sorting value, which it similar to that of turbidites and contourites, the 

remaining parameters have unique values or trends. The medium–coarse part of the reworked facies is 

amalgamated, so that all statistical parameters remain consistent throughout. 

In some cases, the grain size statistical parameters (mean and modal values) of these reworked sections 

are more similar to those of a typical turbidite than those of a typical contourite. However, the actual 

mode values are repeated like those of contourites (e.g. 7R3, table 6.18). In addition, the values and 

descriptions correspond to the values at the base of the previously analysed contourite facies. It is 

therefore proposed that the facies are reworked turbidites. Alonso et al. (2016) found a very similar 

pattern for the facies they described as reworked turbidites. Prior to grainsize analysis, from 

independent examination of the cores and the logs, it was difficult to say if these sediments in the 

reworked sections were stacks of turbidites or contourite sections. The mode values for unimodal parts 

are mostly fine silts. The bimodal section has primary and secondary mode values corresponding to 

that of fine silt and fine sand respectively. Furthermore, the mean values in this reworked sequence are 

either fine silt or sandy fine silt, which is closer to values of contourite section than turbidites. This is 

compatible with a turbidity current partially eroding and reworking earlier deposited contourites (Fig 

6.44).  

 

Fig 6. 44 Illustration of how interaction of both turbidity current and bottom current 
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6.9.5 Implication of Lateral and Spatial Variation in Contourite Grainsize 

The study shows that the contourites Pleistocene ranges in grain size from 4.0 -7.7 Phi. There is a 

known relationship between grain size, the velocity and competence of the transporting current (Fig 

6.45).  Therefore, the cluster of all the deposits within the silt fraction implies that the Contourites 

(during the Pleistocene) were deposited by a generally medium energy (MOW).  

 

Fig 6. 45 The Hjulström-Sundborg diagram showing the relationships between particle size and the tendency to be eroded, 
transported, or deposited at varying current velocities 

The overall mean distribution also (for Pleistocene samples) shows that the sediments in the wells 

(U1386 and U1387) have are relatively higher mean (phi) values (i.e. finer grainsize GZ) than those in 

well U1388 BCO5 (larger GZ).  

Previous authors has shown that the MOW around the channel sector have the higher velocity than the 

rest of the study area because of its proximity to site to the Straits of Gibraltar (SOG) and the 

topographic complexity.(McCave et al., 1984); (Stow et al., 2008); (Mulder et al., 2013); (Hanquiez et 

al., 2010); (Stow et al., 2013); (Rachel Brackenridge 2014). The analysis of the overall mean grain size 

of samples collected in the area both from the IODP expedition and from drill cores (Brackenridge et 

al., 2018) confirms higher velocity is expected within contourite channel (Fig 6.46, Fig 6.47). The plot 

shows the coarsest sediments are those from U1388 and BC05 which are wells drilled within channels 
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(in the channel and ridge sector) because the velocity of the MOW was much higher within the 

contourite channel and therefore had a higher carrying capacity. 

The general decrease in average GZ for Pleistocene contourite from east -west and south to north can 

be linked to  decreasing velocity of MOW as it moves away from  it origin ( SOG ) and moves towards 

the west and north. (Llave, 2007). The sediments with relatively less mean grain size (e.g. U1386, 

U1387) were drilled from drift.  

 

Fig 6. 46 Map of modern day sand distribution in the study area showing location of both IODP with respect to local channels (Green 
circle) and drift (Yellow circle) (Modified from Nelson et al. (1993); Brackenridge(2014). 
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Fig 6. 47 Map showing the location of the wells and the present day channels (Hernández-Molina et al., 2013). 

Although the relationship of carry capacity and GZ is observable, it is not always direct because other 

factors also affect the mean grainsize and mean grainsize distribution. These other factors include 

mineralogy of sediment (bioclastic or siliclastic), the analytical methods, the size of original sediment, 

and distance from the source to site of deposition e.tc. For instance, as the GOC sediments contains 

bioclastic and siliciclastic sediments (Alonso et al., 2016), the coarse sediments may be shell 

fragments. Shell fragments are lighter and required significantly less velocity to be transported. 

Therefore, the high velocity predicted may be an overestimation. Also, studies show that the fine 

grained sediments might actually be flocculated deposits which has been deflocculated and 

disintegrated during sieving, (Brackenridge et al., 2018), (McCave et al., 1984). Thus, their presence 

may not present a true representation of the hydrodynamics. 

High velocity can transport coarse fragments, but when at low velocity, coarse grains (siliciclastic or 

bioclastic) fall out from suspension due to drop of flow competence and are deposited first (Fig 6.46). 
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The fact that coarse sediments are observed closer to the Strait of Gibraltar may partly be related to 

velocity but the proximity to the source is also a possible explanation. Sediments deposited close to 

the Straits of Gibraltar (SOG) therefore hasn’t travelled far. They are deposited fast due to high 

sedimentation rate so may be still flocculated. Although the   velocity in the Gulf of Cadiz appears to 

be related to distance, the prediction of the paleo hydrodynamics and paleo velocity has to be done 

with caution. 

Sorting  

All the contourite Pleistocene sediments samples analysed range between poorly sorted to very poorly 

sorted (Appendix 20). In theory, where a set of sediments fall within a similar grain-size range and 

were deposited by similar current velocity, the sorting should be good. However, this is not the case 

for the Pleistocene contourite sediment because although all sediments are within the silt fraction the 

mean GZ plots and modality show sediments still has a mixture of different grainsize (ranging from 

varying fine to very coarse silt). This implies an overall low energy condition but some fluctuations in 

the velocity of the current; that means current can transport and deposit sediments with varying grain-

size, hence the poor sorting. Also, interaction of bottom current with turbidity current can explain the 

sediment mixing and poor sorting of contourites in early Pleistocene. Fig 6.44. It becomes apparent 

that sorting is not merely a function of the velocity of the transporting media. But other factors such 

as; fluctuating energy conditions, tectonism, interaction with other current, presence of both bioclastic 

and siliciclastic, mixed sediment  transported from source and bioturbation or burrowing post 

deposition may affect the sediment sorting {(Mulder et al., 2013);(Stow, 2002a);(Wetzel et al., 

2008);(Brackenridge et al., 2018)}. The very poorly sorted units are within the coarse silt section 

(Brackenridge et al., 2018). In a typical contourite sequence, bioturbation is more intense around the 

coarse silts section. Therefore, it is inferred that bioturbation or burrowing is a likely cause of some of 

the poor to very poor sorting in the Pleistocene sediments. Although this may be true for some location, 

the high velocity current interpretation in some parts of study area like the channel sector counteracts 

this possibility. That means any poor sorting of sediment in the U1388 for instance has to be due to 

other factors other than bioturbation. 

A comparison between the Holocene and Pleistocene Contourites samples (from Well U1388) shows 

sorting (moderately – very moderately sorted) and (poorly sorted – very poorly sorted) respectively. 

The Holocene sediments are better sorted than the Pleistocene (fig 6.36,6.38B) and this difference is 

related to mean grain size which in turn is due to either paleo hydro dynamic, sediment composition, 

biological composition (McLaren, 1981). Well U1388 (which is within a channel in the channel and 

ridge sector) is one of the two wells that contained moderately sorted sand sized sediments. This is not 
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surprising, because the high velocity within the channel is expected to remove some of the fines for 

samples deposited within the channels, which make most of the sediment similar in size and have 

better sorting. The fact that Pleistocene sediments also retrieved from this well had a very different 

grain-size and sorting range means that a different process must have occurred in different geologic 

times. A few scenarios that might explain the differences and similarities between the early Pleistocene 

and Holocene sediments are listed below. 

Scenario 1:  The Pleistocene is evidently a transition period in which there was deposition of both 

sediment from shelf (via down slope currents) and via the along slope currents (Fig 6.44) (Hernández-

Molina et al., 2016). This finding was supported by mineralogical analysis that confirmed the presence 

of both bioclastic and siliciclastic sediments in the early Pleistocene section (IODP report). By 

Holocene era, however the down slope input had stopped, and the area dominated by action of MOW 

current. The predominance of one current would have led to deposition of Holocene sediments with 

similar mineralogical content and density. If this were accurate, the large percentage of the sediments 

at each point in the Holocene would have similar grain density. Even if sediments from source were 

similar for both Holocene and Pleistocene time, the former may have been sorted by a steady depositing 

current causing deposition of similar sized sediments together. Abrasion and consequent rounding of 

some grains during transport which created more rounded grain. This would consequently lead to better 

sorting. The roughness of the seafloor in the channel sector as presented in chapter 4.4.5. supports the 

argument for Holocene abrasion in around theU1388 location. 

Scenario 2: Despite the similarity in grain size which lead to better sorting, the sorting value for the 

Holocene section did not exceed the moderate sorting values. This is partly because the entire process 

occurred in a deep-sea environment and in the deep-sea, unimodality or abundance of one GZ does not 

necessarily mean singularity. Hence even if one process supplies main siliciclastic sediments (in 

Holocene), the area will still have some bioclastic sediment (probably in smaller amount) being 

imputed into the system (perhaps by hemipelagic settling or just biological activity). Therefore, 

although not as much as the Pleistocene, the Holocene will still exhibit some level of sediment mixing. 

A few larger bioclastic fragments or lithic grain mixed in with some other similar sized sediment lead 

to moderate sorting. 

Scenario 3: A look at the bathymetric map of present seafloor showing the location of the wells (Fig 

6.47) reveals that well U1388 is located within in a contourite channel. The current position at present 

(and since the Holocene) may not have been the exact position during the Pleistocene. Therefore, 

channel avulsion could explain the difference in GZ and sorting in both eras. Implying that in the 
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Pleistocene the channel may have been located some distance away from where it is presently. This 

means that location of U1388 which is currently within a channel (with better sorting) was perhaps 

within a contourite drift in the Pleistocene. 

The sorting is capped at moderate perhaps because unlike other environments (like beaches) where 

constant energy is the norm and good sorting expected, transporting medium within a channel acts like 

that of a stream. The current velocity would be changing perhaps depositing a small number of fines 

within the channel which reduces the expected sorting.  

Scenario 4: Process like bioturbation tend to be more intense at low velocity as recorded during the 

Pleistocene. Therefore, the mixing of sediments in the Pleistocene by biological activities (such as 

bioturbation and or burrow) post-deposition may explain the poor sorting even for sediments in a high-

energy area like the channel sector. In contrast, for the Holocene times, which experienced higher 

velocity (within channel). The likelihood of bioturbation was present but significantly reduced. 

Scenario 5: The fifth scenario is that tectonism, which was more intense during the Pleistocene than 

the Holocene, triggered, uplifts, diapirism, emplacement of topographic high and seafloor escarpments. 

All these sea floor features (which were more prominent in the Pleistocene) had strong effect channel 

location, channel shape and on velocity and would have prompted MOW energy fluctuation (as shown 

in chapter 4 and 5.) Since, the U1388 is in the area called channel, ridge sector, which is, characterise 

by diapiric ridges, channels, and other floor features (F. J. Hernandez et al 2005). Hence, the 

contourites recovered from the Pleistocene section of this well will hold evidence of the intense 

fluctuation, one of which is the poorer sorting. In the same vain, the overall better sorting in Holocene 

can be explained less tectonic activity, therefore more stable energy condition of MOW. 

Given the evidence here and those from literature, it was concluded that the difference in sorting 

between Holocene and Pleistocene times was caused by scenario5 i.e by tectonism and consequent 

velocity of change. Other factors like. bioturbation and sediment rounding are indirectly related to the 

tectonism and velocity of flow. 

 

Skewness and kurtosis  

The overall skewness plot from Pleistocene section of all 5 wells shows a lot of symmetrical skewed, 

some fine skewed and coarse skewed sediments. The large amount of symmetrical skewness 

(supported by bimodality) also explains the poor to very poor sorting, however this also implies input 
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from varying sources which is in line with previous tectono-sedimentary and morphological studies 

(as seen in chapter 4 and 5). 

The early Pleistocene sediments showed a decrease in skewness between fine and medium silt and 

increasing skewness as sediments change from coarse to very coarse silt. The Holocene sediments on 

the other hand, shows a slightly different trend from the Pleistocene in all wells except for the U1388. 

In U1388 site, the skewness values of both Holocene and Pleistocene sediments overlap. The Holocene 

section of U1388 is predominantly composed of fine sands (FS) and Very fine sands (VFS) which is 

confirmed by the cumulative curve showing all positively skewed (fine and very fine skewed) 

sediment. The presence of only fine and very fine skewed sediments in the Holocene sediments means 

the section is predominantly composed of coarser sediment; which explains abundance of unimodal 

samples. The predominance of coarse sediments in the Holocene is due to removal of the fines by the 

winnowing (Duane, 1964) and the high number of positively skewed sediments indicates 

unidirectional transport (channel) and deposition of the sediments in low energy period. 

The Holocene fine sands were relatively better sorted than the Pleistocene which contained more silt 

sized fraction. This is in agreement to literature that proposes fine sand – medium sand fraction as the 

best sorted. The uniformity of the sediments distributed also makes the sorting better in Holocene 

sediments. 

The U1388 Pleistocene sample has a few symmetrically skewed samples as most of the samples are 

either fine skewed, very fine skewed or coarse skewed. The presence of an almost equal amount of 

both positively and negatively skewed sediment indicates that during this time there was 

multidirectional transport and study area experienced low, medium and high energy. Despite the fact 

that a large number of Pleistocene sediments are skewed towards one grain-size fraction or the other, 

the modality data showed a high percentage of bimodal sediments and suggests a mixture of the 

sediments in U1388 Pleistocene which explains the poor and very sorting. 

The Pleistocene samples show varying kurtosis and mean grainsize relationship. The finest mean 

grainsize samples have the highest kurtosis value (Fig 6.38C), After which the kurtosis decreases. The 

coarse silt fraction has the least kurtosis and the larger sediment (>coarse silt) saw a reverse trend 

where the kurtosis value began to increase again. This trend is similar to that observed in the mean vs 

sorting plots cross plot (Fig 6.38B). Therefore, it is clear that for Contourites (in the Pleistocene era) 

Kurtosis value is strongly related to the sorting value. Lowest kurtosis values are observed for the very 

poorly sorted Pleistocene samples while the higher kurtosis values occur in the moderately sorted 

sediments from the Holocene section  
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The fine-very fine skewness of the fine-medium sandy contourite are observed for sediments from site 

within a channel (e.g U1388). It is inferred that the channel via which high energy current was flowing 

during the Holocene, experienced intense winnowing. The winnowing cause separation of the fines 

into suspension while the coarse sediments remain as traction bedload (Brackenridge et al., 2018). This 

also explains the moderate sorting and the leptokurtic to very leptokurtic kurtosis of the channel 

sediment. The kurtosis value means the curve is very peaked (i.es more concentrated around the mean 

value) which implies a single source. 

In contrast, the fine and medium silt on the other hand has lower skewness value (are coarse skewed) 

and   mesokurtic to platykurtic is evident of multiple source. The non-peakedness (gentleness) of the 

curve means a mixture of varying sediment grain-size, bi or polymodality which also made the  sorting 

in this samples poorly- very poorly sorting (Folk and Ward, 1957). 

Between coarse silt to very coarse silt, the skewness increases from symmetrical to finely skewed, this 

implies that they are deposited by weak bottom currents. The coarse silts like the fine to medium silts 

are mostly platykurtic with just a few mesokurtic samples. This is implies  sediment input from 

different  multiple sources , which can be confirmed by studies conducted by (Alonso et al., 2016) and 

(Roque et al., 2012).  

The skewness vs kurtosis cross plot shows that the Holocene (fine and medium sands) have positive 

skewness and leptokurtic and very leptokurtic. The Pleistocene section is clustered in two sections, the 

first are the (coarse and very coarse silts) which also have positive skewness value but are mainly 

platykurtic. The second (fine –medium silts) in contrast has negative skewness (coarse skewed) and is 

mesokurtic – platykurtic. The sands are mainly fine skewed and leptokurtic (higher peakedness of 

distribution). Basically, there is a drastic change (increase) skewness and peakedness between fine silt 

and fine sand. Skewness may be related to GZ, but kurtosis tend not to have a direct link with the grain 

size because, for example coarse silt has lower kurtosis than fine silt, and fine silt have lower kurtosis 

than fine sand. 

The plot of sorting vs skewness also has an almost similar 3 clusters as seen in Skewness vs kurtosis. 

i.e. 1) Pleistocene - coarse silt and medium silt, 2) Pleistocene -fine to medium silt 3) Holocene – fine 

to medium sand (Fig 6.39A & B). The group 1 has the highest sorting value (i.e. is the poorest sorting) 

and positive skewness values. The group 3 also have positive skewness but has relatively better sorting 

(i.e. are moderately –very moderately sorted). The group 2 have the lowest skewness value (coarsely 

skewed) and poor sorting. The third group are mostly fine skewed average skewness but moderated 

sorting. (Appendix 6.39A) 
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6.9.6 Tectonic Implication of Lateral and Vertical Differences  

The primary control of MOW velocity was the tectonism resulting from crustal instability in the source 

area and the effect of tectonics in the area of deposition. Climate -driven Flow velocity was the 

secondary control, which sometimes intensified or modified the effect of tectonism. 

Lateral Variation: North Vs South  

The emplacement of the ACW in the late Miocene, led to development of different sea floor features 

in the southern part of the study area as opposed to the northern part. Therefore, well U1387 and U1386 

(which are in the northern half) are deposited in a different tectono-sedimentary domain from the other 

wells which are in the southern half. Hence, the variation in statistical parameters is due to the 

difference in geologic setting /tectono-sedimentary domain. GZ analysis from the north and south wells 

(as expected) reflects an effect of tectonism or lack thereof. Although all samples from the five IODP 

wells show poor and very poor sorting (Appendix 20), careful examination of the (plot of sorting vs 

mean grainsize) shows the U1386, U1387 and U1389 are slightly lower than U1388 and U1389. The 

U1386, U1387 and u1389 are within drifts while U1388 and U1390 are within channels. The 

Pleistocene sediment from the Well U1386 and U1387 (towards the north of the study area) have 

relatively better sorting. This is perhaps because the velocity of MOW is lower around the wells farther 

away from the straits of Gibraltar. Also, sedimentation is calmer, and sediments settle out of suspension 

slightly more gradually than in areas close (like the channel and ridge sector) which are nearer the 

SOG (Hernández-Molina et al., 2006b).Notice that although sorting is better for u1386 and U1387, the 

value is still falls within the poor to very poor range. This is because the shallower nature of upper 

slope around U1386, and U1387 is convenient for more marine fauna; this in addition to low velocity 

will lead to high rate of bioturbation. More biologic activities are predicted in the upslope relative to 

the middle slope, the poorer sorting of the sediments within the well located in a channel is generally 

supposed to have a higher velocity. This can cause conveyance of sediments of variable sizes and 

reworking of material post- deposition by winnowing, hence poorer sorted. The wriggle of the GZ plot 

for U1388 supports this claim Appendix 18. 

The slight lateral variation can be related to the location of the well within or near a contourite channel 

and SOG. Such gradual changes in the texture of the sediment grainsize across all five IODP wells is 

suggestive of changes in the tectonic frame work across the area during the Pleistocene (Cadigan, 

1961) as a result of pre-Pleistocene occurrences such as extension, compression and emplacement of 

AWC (Maldonado and Nelson, 1999). 
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 In Pleistocene, wells in the south (e.g. U1388) have slightly lower mean and poorer sorting than those 

in the north because they have undergone a little more reworking due to their close proximity to SOG 

and consequent high velocity of MOW and less bioturbation might also explain the slight difference 

in sorting. 

Because the competence of a channel (or stream) is highly dependent on gradient and the sediment 

supply but more by the former. The varying local slope (gradients) caused by the occurrence of 

complex morphologic features also enhances the already high velocity MOW exiting the SOG (Straits 

of Gibraltar) which in turn increases its competence (Fig 6.49). On the other hand, the same 

morphological features act as obstacles to flow and reduces velocity of flow in the channel and ridge 

sector. In essence, the southern part experienced fluctuation of flow velocity related to the high volume 

of morphological and tectonic features present; leading to deposition of both fine and coarse fraction 

especially in the Pliocene-Pleistocene time This is captured in the early Pleistocene wriggly mean plot 

(Appendix 18,19). 

By the time flow reaches the northern part of the study area velocity is low and so is carrying capacity. 

Hence mainly the finer silt fraction is retained in suspension long enough to get to the north. The more 

even sea floor (due to little or no subsidence), in addition the lower velocity of flow should produce 

good sorting however interaction with turbidity current in the Pliocene / Pleistocene causing sediment 

reworking and mixing and therefore very poor sorting. 

Although, the U1386 and U1387 are only 4km apart, and assumed to have experienced similar 

processes, similar MOW strength and sediment source, sorting appeared slightly different. The sorting 

values or overall trend should be similar. However, the sorting values of contourite section analysed 

is clearly different for both wells. The only logical explanation for this is due to the difference in the 

depth from which samples were collected (Fig 6.24) because the overall sorting appears to be better 

with depth in both wells. 

The horizontal part on either side of the U1389 plot (Appendix18,19) suggests a long period of 

deposition of fines. The continuous fine sequence represents a period of low and steady MOW velocity, 

which later changed to a fluctuating velocity and later reduced or perhaps was caused by hemipelagic 

settling. Notice that although U1389 is also close to the east it has similar higher sorting values as 

U1387 and U1386 and all three wells are drilled within drift. Therefore, contourite sorting is not just 

a function of velocity of MOW but also the location of the contourite around sea floor morphological 

features. 
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 The well U1386, U1387 have over 70% of symmetrically skewed samples which suggests a higher 

concentration of sediments from varying sources (e.g. N-S down slope channel and MOW. This is true 

as probably U1386 and U1387 sites are around the north of study area. While the U1388 and U1390 

sediments have low percent of symmetrical skewness and majority of the samples are skewed towards 

one grainsize or the other. The U1388 and U1390 have more positively skewed samples while the 

U1386 and U1387 samples have more negatively skewed samples. This means the former are mainly 

Fine and very fine skewed, an indication that the transport is more unidirectional and the latter 

predominantly coarse skewed which means bi/multidirectional transport. This interpretation is 

supported by the morphological analysis which shows both along-slope and downslope channels 

around U1386 and U1387(fig 6.44) while the u1388 and U1390 are adjacent to along-slope channels 

only (fig 6.46). 

Vertical Variations: Holocene Vs Pleistocene Session  

 The Holocene and Pleistocene sediments show a clearly different grainsize ranges. Based on the 

assumption of Udden (1914), that is because the   geographic environmental conditions were different 

during these eras. But most probably  the  grainsize statistical changes observed in the two period is 

an indication  of  rapid changes in the tectonic framework (Cadigan, 1961). 

 In the Holocene section, the mean Grain size is fine grain sandstone (with average mean grain size of 

~ 2.0 ɸ), moderately well sorted and the grain size distribution is peaked (with an average kurtosis: 

1.386). The high (leptokurtic) kurtosis, indicates a large amount of reworking in and adjacent to the 

point of deposition of the sample (i.e. U1388). High kurtosis in addition mainly fine-medium grained 

sand indicates high energy level reworking (Cadigan, 1961). The moderate sorting suggests that the 

sediments in the Holocene (around the channel sector area) experienced local tectonic quiescence and 

there was reduced rate of subsidence in the area (Cadigan, 1961). Sea floor and isopach map presented 

in morphology chapter (4) shows several scouring and a thin sequence (due to supply being less than 

transporting capacity which supports this claim. In Holocene, the decreased subsidence caused 

repeated scouring of the seafloor, followed by successive accumulation of better sorted and coarse 

sediments. Quiescence during the Holocene explains better sorting, but mean grain size is related to 

the energy level of the depositing current and the texture of the original sediment available. Uplift at 

source area, meant larger sediments were transported from source by current in the Holocene. It is 

unclear if results will be the same in the Holocene section of well U1386 and U1387 (or if this more 

northern wells have contrasting interpretation) as they were not sampled for this study. 
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In contrast, the Pleistocene section shows poorer sorting (with average standard deviation of 2.2) and 

contains a greater proportion of fines, which lowers the average mean grainsize. The values of kurtosis 

and skewness are also lesser. The interpretation is that in the Pleistocene there is an increase in the rate 

of subsidence and as such a proportional increase in the rate of deposition (Maldonado et al., 1999) in 

the sampled area (i.e. site U1388) compared with the Holocene section. Note that by the time the 

Pleistocene sediments were deposited right after the major tectonic events such as Rifean and Betic 

orogeny emplacement of the accretionary wedge complex occurred, but the area still was experiencing 

the effect of these events. e.g. structure reactivation, uplift. 

The sorting Vs mean grainsize plots of the Contourites are compared to those presented in (Cadigan, 

1961) and the hypothetical  relationship of grainsize distribution and tectonics interpreted as follows. 

The N shape can be divided into 3 (6.17); the first cluster represents high rate of subsidence and 

deposition. The third part cluster is interpreted to be products of minor subsidence (the tectonic 

evolution literature review in chapter one confirms this). 

Challenge 

Analysis of the cores also shows that the sampled section for lateral and spatial analysis is not as 

detailed as that conducted in 6.7.2. For 6.7.2 just one sequence was analysed at a time and the samples 

closely spaced e.g. Fig 6.68B. For such closely spaced sample the velocity of deposing current can be 

accurately predicted. By contrast, the Holocene and Pleistocene samples are selected from different 

sequences (sometimes with large gaps in between) Fig 6.68A. Therefore, decreasing GR trend could 

be mistaken for a fining upwards turbidite sequence were other analysis are not available. The overall 

decreasing grainsizes of mean grainsize may not be decreasing grainsize for one depositional sequence 

but perhaps an overall decrease in GR from one (contourite) facie to another 6.48A. In fact, different 

current may have deposited the different facies. For instance, a medium velocity current perhaps 

deposited the sediment at the base; the later phase of the deposition was incomplete or eroded by the 

subsequent but weaker (currents). Another explanation for the fining upward thread can be stack of 

base cut out contourite mostly formed due to tectonic pulsing and decreasing velocity 6.48C. 

Hence, where vertical GZ sampling is not very detailed, the exact trend and 100% accurate 

interpretation is done with only the grain-size data. If the GZ is analysed alone the trend can be 

misleading, for instance, the trend in Fig 6.48A below showed a fining upward trend. The GZ must be 

analysed with the knowledge of the sampling frequency and understanding of the geological setting 

and if possible, alongside the core logs or core description report. For the clear contourite bi-
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gradational trends to be represented on the plots, the contourites sequences that need to be identified 

then a more detailed sampling (as illustrated in 6.48B) needs to be conducted within each sequence 

However, where similar sequences are sampled more densely the actual bi-gradational trend for all 

three sequences in the unit will be visible in 6.48B.  Therefore, for the sample, which is similar to A, 

calibration with core data, core log description was essential for accurate interpretation. 

 

Fig 6. 48 Schematics showing how the sampling continuity can affect the grain-size trends. ‘A’) shows a sparse sampling when 
analysed independently and appears to have an overall fining upward trend (blue arrow) and it can be mistaken as one sequence (red 
line). B) Densely sampled unit, showing 3 bi-gradational sequences (blue arrow) and 3 clear sequences C) 3 stack base cut out 
contourites facies with the facie at the bottom is sandier and the top facie muddier. 
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Fig 6. 49 Map of the study area showing the slope gradient. Colours represent  slope gradient  in degrees .
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CHAPTER 7: DISCUSSION AND SYNTHESIS 

7.1 Introduction  

This chapter attempts to synthesise all aspects of this thesis by take a crosscutting view of the topics 

discussed in chapters 4, 5 and 6 with the aim of answering the original questions set under the 

objectives. The links between the morphology, sedimentary and tectonic evolution aspects of the 

northern GOC margin are presented. Each of the principal results chapters – geomorphology and 

morphometrics, seismic stratigraphy, and sediments and textures – included detailed discussion 

sections. These discussions are briefly summarised with a view to considering their broader 

significance to deep-water sedimentology and margin development, by referring to other worldwide 

studies. The broad objectives of this thesis, as outlined in Chapter 1, are: 

(i) To document and understand the present-day morphostructure of the Gulf of Cadiz contourite 

depositional system, and consider also the morphostructural evolution since the establishment of the 

present-day transpressive tectonic regime at the beginning of the Quaternary;  

(ii) To elucidate how the main morphostructural features and processes control sedimentation and the 

tectono-sedimentary evolution of the contourite depositional system. 

(iii) To document the principal sedimentary processes involved in development of the margin and of 

the CDS, and to derive a robust means of distinguishing between these processes and their interactions. 

These objectives are now addressed and discussed with respect to: (a) the morpho-sedimentary 

expression of a transpressive margin; (b) the tectono-sedimentary controls on margin architecture; and 

(c) the sedimentology of a mixed contourite, turbidite, mass-transport system. 

7.2 Morpho-Sedimentary Expression of a Transpressive Margin 

7.2.1 Geomorphology and Tectonics  

In Chapters 4 and 5 the morpho-sedimentary features and main stratigraphic stacking pattern observed 

in the Gulf of Cadiz and Iberian margin were characterised based on data from 2D seismic profiles and 

bathymetric maps. Recognizable seafloor morphological features, contourite drift features and mass 

transport deposit-related features were mapped and analysed within the Pliocene to Recent sedimentary 

record. The principal features identified include faults, diapirs, fluid-escape features (pockmarks, mud 

volcanoes, mud mounds, chimneys), mass-transport deposits (slides, slumps, debrites), and erosional-

depositional forms (scarps, scours and sediment waves). The complete new morpho-sedimentary map 

of the region is shown in Figure 7.1  
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Fig 7. 1 Composite map of some of the morphological features. Abbreviations as follows E- extrusive, HI- Highly intrusive, SI- Slightly Intrusive, L-Large, S-Small, P -Plain, R -reverse, MTD’S- 
Mass transport deposits, AWC – Accretionary wedge complex.  
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These principal features can be closely connected to underlying tectonically induced NE–SW and 

NW–SE alignments associated with the Betic orogeny and the European-African plate boundary 

interaction (Maldonado et al., 1999); (Medialdea et al., 2009) as well as to alongslope and downslope 

processes. Tectonism in the study area affects all the basins, complicating both their development and 

the deformation of their deposits. The structural or morphological depressions and topographic highs 

mapped are a direct or indirect expression of the tectonic history. 

The escarpments, seamounts and uplifted plateaus of the study area, all formed as a result of 

compressive tectonic events from the late Miocene through to the present, with the exception of some 

deeply rooted faults that are inherited from Mesozoic rifting (Terrinha et al., 2009).  

Plate tectonic and related orogenic activity lead to the development and accretion of the AWC from 

mid-Miocene to ~1.8 Ma. During this period, the Guadalquivir and Rifean Gateways closed, and then 

the Gibraltar Gateway opened at the end of the Miocene (5.3 Ma). The Miocene sedimentary 

succession was partly aggradational pelagites and hemipelagites, but slope to basin deposition was also 

influenced by AWC tectonics, leading to repeated deposition of turbidites, debrites, and mass transport 

deposits. Following opening of Gibraltar Gateway, the Pliocene succession comprised interbedded 

turbidites, contourites and hemipelagites, due to onset of MOW and the initiation of downslope 

turbidity current and diapir-related alongslope contourite channels. 

Tectonic reactivation in the Pleistocene (~1.8 Ma) led to uplift of diapirs and diapiric ridges, as well 

as the development of larger channels. Greater sediment supply, mainly linked to climate cooling and 

MOW intensification, led to increased contourite sedimentation, the construction of large 

progradational contourite drifts, and the infill of some smaller turbidite/contourite channels. From 

Miocene to early Pliocene the sedimentation was aggradational with development of a sheeted 

geometry. In the Pleistocene to Recent, the deposition became mostly progradational. As mentioned 

in chapter 4, each of these changes in stacking pattern were related to paleoceanographic changes, 

which have each been linked to major tectonic events. 

The morphostructural map clearly shows that the northern part of the study area is distinct from the 

southern part. The increased abundance of tectonic, morphological and sedimentary features in the 

south as opposed to the north reflects the influence of the underlying accretionary wedge complex – 

its emplacement and evolution as part of a collisional and then transpressive margin. 

The southern half of the basin, in particular, shows many similar features to other transpressive margins 

of the world, e.g. the San Andreas transpressive margin of western California, the Santa Barbara 
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margin of southern California, and the Kermadec-Hikurangi oblique-convergent margin off NE New 

Zealand.  

The Kermadec-Hikurangi margin has experienced an oblique convergence between the Australian and 

Pacific plates, which resulted in rapid frontal accretion (Collot et al., 1996); (Barnes and de Lépinay, 

1997); (Barnes, 1997) similar to that observed in the Gulf of Cadiz. The lower slope in the central and 

southern parts of the Hikurangi margin is underlain by an accretionary wedge complex and its surface 

morphology is very apparent in the bathymetry. Morphological features include fault scarps, anticlinal 

ridges, submarine channels (around steeper areas) and some semi-circular patches (inferred to be mud 

volcanoes or slope failure). The channels occur along major fault lines. Major changes in the tectonic 

style along the margin, which are reflected in the number and size of seamounts, the presence and 

thickness of turbidites, the location of mass wasting, and presence of faults (Collot et al., 1996). In the 

southern part, the faults have significant strike slip movement, the area appears devoid of turbidite fill 

and mass-wasting occurs only along the lower slope. By contrast, the northern part has turbidite trench 

fill, an abundance of seamounts, and also tectonic erosion. 

The southern California borderland margin and Santa Barbara basin show a distinct assemblage of 

geomorphological and sedimentary features characteristic of a tectonically active margin (Eichhubl et 

al., 2002), and with close similarities to the Gulf of Cadiz. These characteristics include the north-

south asymmetry of the basin, fields of pockmarks and mud volcanoes, laterally extensive mass 

wasting, the presence of morphological highs and intra-basinal lows. Both the northern and southern 

parts of the margin experienced higher rates of tectonic shortening, higher rates of sedimentation and 

higher pore-water content and as a result have more abundant seafloor features (i.e. fluid escape 

features and structural features). For both the Gulf of Cadiz and the Santa Barbara basin, fluid seepage 

occurs preferentially around structural and topographic highs on the seafloor due to structural focusing 

of the migrating fluid from an accreting sediment wedge. Some features, such as fault scarps and 

erosional scarps, occur in areas with lower sediment accumulation. 

The Drake Passage and associated sediment regime between Patagonia and the Antarctic Peninsula, 

also show some parallels with the Gulf of Cadiz study area. Both regions are located close to a triple 

junction, both have experienced extensive strike-slip movement, and both act as important oceanic 

gateways with the pronounced effect of bottom currents. The Drake Passage has shown both 

transpressive and transtensional plate interaction (Martos et al., 2013). This has resulted in the 

development of prominent relief features such as the Shackleton Fracture Zone (SFZ) and the South 

Scotia Ridge. This ridge creates obstruction to bottom current flow, including the Antarctic 
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Circumpolar Current and the Weddell Sea Deep Water Gyre, and the depression around the feature 

controls the flow trajectory. This also means that uplift phases of the SFZ influences the circulation of 

bottom current and contourite deposition.  

7.2.2 Geomorphology and Sedimentation  

There is a complex interaction between tectonics, geomorphology and sedimentation (Fig 7.2). The 

most important effects of this interaction to sedimentation in the Gulf of Cadiz is summarised briefly 

below.  

Faults 

In essence, tectonically induced faulting strongly influences the nature and location of channels and 

diapirs, and these are the two most important controls on the distribution of other morphological 

features and on sedimentation. Alignment of features parallel to fault trends, their facilitation of 

diapiric intrusion and fluid-escape, and the creation of morphological highs, fault scarps and basinal 

areas, are all very evident in the study area. Fault activity also has a direct effect on sedimentation, 

where seismicity along the fault plane destabilizes sediment leading to mass-wasting events and hence 

to the emplacement of mass transport deposits. These in turn may generate turbidity currents. Slope 

instability is most closely linked with slope gradient. 

Diapirs 

Diapirism is one of the principal factors that influences both seafloor morphology and the distribution 

of sediments and sedimentary processes in the Gulf of Cadiz. The location of diapirs controls the 

location and development of many paleo and recent erosional features, as well as seafloor highs. 

Diapir-induced relief at the seafloor acts as a partial barrier and to deflect flow, whereas the lows on 

the flanks of diapirs become the preferred pathways for bottom currents. Deepening by erosion and by 

continued diapir uplift leads to instability and mass wasting. Large extrusive diapiric ridges create a 

significant barrier to MOW bottom currents, whereas gaps between ridge segments allow the passage 

of currents through the ridge. Thera is a dynamic balance between the breadth and depth of the diapiric 

ridge, the morphology and elevation of the diapir gaps, and Coriolis Force, which determines the flow 

pattern. 

Diapirs, therefore, affect contourite deposition. The relief caused by the diapirism enhances the 

formation of contourite drifts, generally adjacent to and in the lee of topographic highs. Equally, the 

relief can cause flow acceleration and contourite channel formation, filled with more sand-rich 

contourites. The greater the number of diapirs the more complex and varied the distribution of 
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contourites, and the build-up of mounded drifts. The fewer the diapirs, the more likely for uniform 

contourite sheets to develop. Diapiric activity also leads to slope steepening, instability, and the 

generation of mass transport deposits. 

Channels 

Channels are ubiquitous morphological features along and across the Gulf of Cadiz continental margin. 

They are erosional features, caused by the erosive action of currents acting at the seafloor – and may 

be either downslope channels formed by turbidity currents or alongslope channels, mostly formed by 

bottom (or contour) currents. Downslope channels in places cut, erode and interrupt contourite 

deposition but, more importantly, they are the conduits for sediment supply across the slope via 

turbidity currents. These deposit turbidites and their suspended load can be pirated by bottom currents. 

The type of alongslope channels depend on the main morphological features controlling their 

development {(Rebesco et al., 2014); (García et al., 2009); (Esentia et al., 2018)}. Several types of 

alongslope (contourite) channels can be identified in the Gulf of Cadiz, including: contourite channels, 

moats, marginal valleys, and large isolated furrows. Both linear trends of diapirs and of pockmarks are 

seen to cause channels in the study area. The network of channels has a pronounced effect on bottom 

current flow and hence on contourite sedimentation. Their flanks are also sites for enhanced mass 

wasting. 

In general, it is noted that the eastern part of the study area, part of the ‘channel and ridges’ sector 

overlying the AWC, has more diapirs and more channels. This leads to significant erosion as well as 

contourite deposition as patch drifts and sheet drifts. The western part, by contrast, has fewer channels 

and more marked contourite deposition as large elongate mounded drifts. 

Mass Transport Deposits  

Submarine slides, slumps and debris flow deposits, collectively referred to as Mass Transport Deposits 

(MTDs), are widespread across parts of the Gulf of Cadiz study area. They are an important aspect of 

the sedimentary regime, both for the removal and deposition of sediments. Their occurrence on the 

flanks of diapirs, channels and other highs leads to the development of scarps and an irregular seafloor 

morphology. They infill scours and depressions around banks and diapirs, as well as downslope and 

alongslope channels. Their presence therefore affects distribution and hydrodynamics of the channels 

and consequently the sedimentation. 
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Other features  

The various other morphological features identified and mapped – fluid-escape features, scarps, scours 

and sediment waves – have relatively less effect on sedimentation. These have been discussed at more 

length in Chapter 4. 

 

Fig 7. 2 Schematic evolution and inter-relationship of most of the GOC morphological features.  
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7.2.3 Geomorphometrics 

With a view to trying a different approach towards understanding the link between geomorphology 

and sedimentation, a different analytical procedure was applied to the study area. This was a 

geomorphometric analysis, which is typically used for alluvial-fluvial basins, so that interpreting the 

results for a submarine environment dominated by downslope and alongslope processes is completely 

novel. 

The study of basin morphometry in this way is a quantitative method, using ARC-GIS, that relates 

subaerial stream network geometries to the transmission of water and sediment through the basin. It 

applies a systematic measurement of the linear, areal and gradient aspects of the channel network and 

regional ground slopes. This study has applied this geomorphometric analytical methodology to basins 

along the northern margin of the Gulf of Cadiz. 

From the four basins that were initially delineated by this methodology, only two were then taken 

forward as complete and representative – basin X, which is the region underlain by the accretionary 

wedge complex, and basin Y, which includes the main region of contourite drift deposition as well as 

downslope channels in its western part. For each of these drainage basins, the morphometry is related 

to topographical, geological, lithological, structural and hydrological processes. The morphometric 

analysis included parameters such as stream order, stream length, bifurcation ratio, stream length ratio, 

basin length, and drainage density, using the mathematical formulae developed for subaerial systems. 

The chief distinction between the two basins is as follows: 

Bifurcation Ratio  

The values of the bifurcation ratio for basin X are relatively higher than those for basin Y, which 

reflects the tectonic effects of the accretionary wedge complex underlying the basin, leading to greater 

topographic and geological heterogeneity. 

Drainage Density 

The drainage density is similar in both basins, but a little lower in basin X. The relatively higher 

drainage density (basin Y) reflects the highly dissected basin in the region dominated by large drifts 

and few channels. This indicates a direct and rapid hydrological response to the MOW bottom current 

system. The lower drainage density for basin X above the accretionary wedge complex, indicates a 

poorly drained basin with a slow hydrologic response and less sediment deposited. 
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Hypsometric Curves  

Both basins are shown to have a mature topography with relatively homogenous material, according 

to the character of the hypsometric curve, which closely resembles the shape of standard equilibrium 

curve. The inflection point is higher for X than Y, which indicates that basin X has a generally lower 

variation in relief than the Y. This difference is even more marked for more marked for the part of 

basin X that was originally designated as basin A. 

Overall, this study concludes that there is considerable merit in applying these quantitative techniques 

for the analysis of morphometry of subaerial basins to submarine basins. However, the interpretation 

of findings for the submarine systems, as discussed here, needs to be considered differently from those 

of subaerial basins. Further work is required to develop and refine this approach. 

7.3 Tectono-Sedimentary Controls on Margin Architecture 

Based on a careful examination of the seismic data available for this study and in comparison with the 

broader understanding from previous authors on seismic stratigraphy {(Sierro et al., 1996); (Riaza and 

del Olmo, 1996); (Maldonado et al., 1999); (Llave et al., 2001, Llave, 2007, Llave et al., 2011); 

Hernández-Molina (Hernández-Molina et al., 2002, Hernández-Molina et al., 2006b, Hernández-

Molina et al., 2015, Hernández-Molina et al., 2016); (Marchès et al., 2010); (Roque et al., 2012); 

(Brackenridge et al., 2013), this part of the study, as reported in Chapter 5, sought to get a better 

understanding of the large-scale sedimentary successions and tectono-sedimentary domains, and how 

the local structures affect the depositional architecture as well as the location of the drift systems. 

In particular, the effort has been to derive a more complete picture of the architecture and evolution 

and gain better knowledge of the tectonic, oceanographic, climate and sediment supply controls on 

sedimentation in the area. It has been clearly demonstrated that the underlying tectonic control has 

been of paramount importance on (i) contourite drift formation, (ii) general depositional architecture 

and internal stacking pattern, and (iii) tectono-sedimentary control and evolution of the contourite 

depositional system and architecture through the Pliocene and Quaternary. 

Nine major horizons were mapped (i.e. eight major discontinuities and the seafloor) across a dense 

seismic grid in the study area. These included: SBD-Seabed, HD-Holocene Discontinuity, LQD-Late 

Quaternary Discontinuity, MQD- Middle Quaternary Discontinuity, EQD-Early Quaternary 

Discontinuity, PPD-Pliocene Pleistocene Discontinuity, LPD-Late Pliocene Discontinuity, MPBD-

Middle Pliocene Boundary Discontinuity, and LMD-Late Miocene Discontinuity. These horizons and 

the seismic units they define are indicated in Figure 7.3. The distribution of sediment within the seismic 

units between these horizons is indicative of both tectonic and oceanographic controls. 
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During the mid to late Miocene, the study area experienced instability and diapirism due to uplift of 

the Gorringe Bank, migration of AWC towards the west, and continued convergence between the 

African and Eurasian plates. The tectonism and resultant diapirs and horst and graben structures in the 

area explain the discontinuities and deformation in units M1 and LMD. Sediment supply from different 

sources is likely. Unit P1 deposits then fill and mostly smooth out the irregular late Miocene 

morphology. At the Miocene-Pliocene boundary (MPBD), around 5.3Ma, there was active plate 

movement, opening of the Gibraltar Gateway. and another phase intense diapirism, especially around 

the AWC front. 

 

Fig 7. 3 Showing the seismic units identified and mapped in the study area and a few interpretations by previous authors.  
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Between MPBD and MQD there was local differential active diapirism in the area. During this period, 

both the Algarve Basin and the Basins within the GOC experienced diapir growth, intraslope basin 

subsidence and consequent MTD emplacement. Otherwise, the seismic facies exhibited a mainly 

aggradational stacking pattern. 

The whole of the Quaternary represents a period of rapid sedimentation throughout the region. 

Although much of the diapirism stopped or slowed in the northern region, it largely persisted in the 

south and intraslope basins maintained good accommodation space. An alongslope channel network 

became well-formed and more entrenched, leading to localised erosion and downstream drift growth. 

Persistent contourite sedimentation eventually buried many of the irregularities and diapirs across the 

whole region. 

The diapir activity stopped or slowed in the Algarve margin between MQD and SBD, and most diapirs 

were buried. Only two large channels (Diego Cao and Alvarez Cabrez) remained as the principal 

conduits for MOW. The Alvarez Cabrez was the main channel and it formed around the along the foot 

of the upper slope, probably initiated within a major fault zone. The filling of the intraslope basins lead 

to a transition from aggradational to a progradational stacking pattern. The mounded progradational 

architecture of the Faro drift and the sheeted aggradational architecture of the Bartolomeu Dias drift is 

due to greater tectonic influence on the former and a general lack of tectonic activity for the latter. 

The discontinuities identified through the mid-Miocene to Recent succession each show influence of 

the pre-existing seafloor morphology and the structures that were active at that time. The major 

unconformities are related to known regional tectonic events (Roque et al., 2012). The shape, 

geometry, and degrees of irregularity of each discontinuity vary from one part of the study area to 

another. In particular, the depressions created around or by erosion of diapirs, fault zones, adjacent to 

basement highs, and at the foot of the slope terraces, are the primary location for bottom current erosion 

and deposition. Undoubtedly, the presence and movement of diapirs were key factors that drove the 

internal architecture and location of drifts throughout the region. Perhaps even more so, the 

Guadalquivir Bank structural high appears to have had the most effect on the drift formation, on the 

uniformity and thickness of different seismic units, and on the triggering of mass transport deposition. 

In summary, the seismic stratigraphic study shows that the regional-scale architecture is affected by 

periodic tectonic activity that drives the depositional processes and constrain current pathways. At a 

more local scale, sedimentation is affected by the geomorphology and underlying structures. Tectonics 

has both direct and indirect strong controls on sedimentation. The fault and diapir-induced subsidence 

caused formation of basins. The NW-SE to NNW-SSE compression phase enhanced the folds of the 
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basin. Faults, diapirs and folds controlled the thickness and lateral distribution of the sediments and 

sediment drifts. 

7.4 Sedimentology of a Mixed System  
This study has clearly revealed a mixed sedimentary assemblage in the northern Gulf of Cadiz 

continental margin, including contourites, turbidites, bottom-current reworked turbidites, debrites, 

slumps, mass transport deposits, hemipelagites and pelagites (fig 7.4).  These all occur within what is 

known as a contourite depositional system (Hernandez-Molina 2004), the earlier parts of which are 

more dominated by downslope facies, whereas the Quaternary section is more dominated by 

contourites.  I would therefore propose the term mixed depositional system as best suited for this kind 

of system. Similar mixed  contourite-turbidite systems are being more widely recognised in the recent 

literature, including Tanzanian margin and the Argentinian margin as modern to sub-Recent systems, 

and the Rhenohercynian zone in Germany as an ancient series exposed on land (Violante et al., 2017); 

(Sansom, 2018); (Lewis and Pantin, 2002); (Oczlon, 1994). Of course, mixed turbidite and contourite 

systems have long been recognised as common on many continental margins (Stow and Faugeres, 

1998).  

 

Fig 7. 4 Schematics showing a physiography of the seafloor and the different depositional processes acting on at different times or 
simultaneously. Green arrow- river input from continental margin via shelf purple arrow - hemipelagic settling, orange arrow –bottom 
current, Blue arrow –turbidity current. 
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Having established the principal sediment facies present in the study area, based on core description, 

compositional analysis and validation of previous extensive work published following IODP 

Expedition 339, this study focussed on textural properties of the sediments. The main aims were to: 

(a) establish and understand the textural characteristics of contourites and turbidites; (b) to recognise 

hybrid facies on the basis of textural characteristics; and (c) define possible distinguishing criteria 

between the different facies, especially textural criteria. These aspects are discussed further below. 

7.4.1 Contourites Grainsize Synthesis 

The results presented here have greatly extended the previously published data on contourite grainsize 

from the GOC and globally {(Stow et al., 2008); (Brackenridge et al., 2018)}. In general, they fully 

support these previous observations, and three grainsize classes of contourites can be recognised as 

follows. This is based on the sinusoidal mean size vs sorting bi-variate plot, but the same classes are 

also recognisable on other plots. 

Clay to fine silt contourites (mean 9 to 5.5 phi, 2-20 um) show a poor to very poor sorting trend, low 

to zero skewness, and a platykurtic distribution. 

Medium silt to fine sand contourites (means 5.5 to 2.25 phi, 20-200 um) show a distinctive trend 

towards improved sorting at around 2.25 phi, as well as clear trends of skewness (zero to fine to coarse 

tail) and kurtosis properties (leptokurtic to very platykurtic). 

Medium and coarse sand contourites (mean 2.25 to -0.5 phi, 200-1250 um) show a general trend in 

grain-size parameters, with some degree of scatter, from well to poorly sorted, coarse and very coarse-

tail skew to zero skew, and from mesokurtic to platykurtic. 

These characteristics can be interpreted in terms of transport and depositional controls. The finest-

grained contourites are deposited in the absence of any significant current control (i.e. merging towards 

hemipelagic deposition) and/or from very weak bottom currents (< 10 cm/s). The medium-grained 

(medium silt to fine sand) contourites are strongly influenced by bottom-current deposition and 

winnowing, and show the standard contourite depositional trend, in the finer sediments are deposited 

from suspended load, whereas the coarse silt to fine sand fraction are influenced by progressively more 

winnowing and bedload saltation. Current speeds are likely from 10-20 cm/s to 15-25 cm/s (perhaps 

slightly higher). The coarser contourites are strongly influenced by bottom current action. Strong 

current winnowing, and grain saltation is augmented by widespread bedload traction, which increases 

in importance with increase in grain-size. 
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It is suggested here that the threshold values (i.e. 5.5 and 2.25 phi) that mark the changes in trend on 

the sinusoidal curve, and the different contourite size fractions, are highly significant and need further 

investigation. 

Considering other grainsize parameters, the skewness ranges from very fine skewed to very coarse 

skewed and kurtosis from very platykurtic to very leptokurtic. The mean size versus skewness curve 

shows a slight offset from the mean versus sorting plot but is also sinusoidal in shape. For the former, 

there are two threshold values at which the trend of the curve changes markedly – these are at 6.5 phi 

and 1.5phi (Fig 6.18). That means sediments that are 6.5phi and 1.5phi (medium silts and medium 

sand) show the lowest skewness values (coarse to very coarse skewed). The highest skewness (finest 

skewed) values are at ~ 4phi (very coarse silt to very fine sand). The normal skewed (0.1—0.2) 

sediments were mostly very fine silt to coarse silt (very fine sand). Between 6.5 and 4 phi there is 

clearly increasing skewness with increasing grainsize. Between 6.5phi and 8phi, the trend changes 

showing increase in skewness with decreasing grainsize. Despite this trend the overall skewness in this 

section (fine to coarse silt section) covers a small range 0.1 to -0.2 (close to normal distribution). 

Although not as clear as the above two cross plots, the mean size versus kurtosis bi-variate plot also 

shows a trend and threshold around 3 and 5 to 5.5phi (fig 6.19). Clay to medium silt (8-5 phi) are 

mostly mesokurtic and platykurtic. Between coarse silt to fine sand (5 and 3phi) the kurtosis increases 

from platykurtic to very leptokurtic. Grainsize above 3phi shows another decrease in kurtosis, from 

very leptokurtic to very platykurtic between fine and coarse sand. 

A summary of the principal grainsize properties of contourites is given in table 7.1 
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 Grainsize  Sorting  Skewness 

(SK) 

SK-Description  Kurtosis(K) K Description Interpretation  

Contourites 

IODP 339 

Fine silt- 

clay  

Poorly sorted  0.1 to -0.2 

0.2  

Low skewness 0.85 to 1.1 >mesokurtic and < Platykurtic Deposited by settling 

from weak bottom 

current, fine 

suspension load and 

hemipelagic settling  

Medium 

silt  

Poorly to v 

poorly sorted  

0.1 to -0.2 Coarse tail 

skewed  

0.7 to 0.9 >Platykurtic and <Mesokurtic Increased current 

velocity, winnowing 

and saltation  

Coarse silt  V poorly 

sorted 

0 to 0.4 Coarse tail 

skewed  

0.67-0.84 >Very platykurtic <platykurtic 

Very 

coarse Silt  

V poorly 

sorted 

0.4 to 0.8 Fine skewed  0.65 to 

0.90 

>platykurtic <very platykurtic 

rare meso 

Fine Sand  Well-

Moderate-

poor sorting  

0 to 0.5 Symmetrical –

very fineskewed 

1 to 2.5  Leptokurtic –very leptokurtic 

Medium 

Coarse 

sand 

Poor sorting  0.1 to -0.6 Coarse very 

coarse skewed 

0.5-1.5 >Mesokurtic <platykurtic/very 

platy 

Bedload transport 

dominant, extensive 

winnowing 

 

Table 7. 1 Summary table of contourite grainsize statistical parameters 
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An attempt was made to consider variation in contourite grainsize properties both temporally and 

spatially – between an early Pleistocene and Holocene time frame, and laterally within the early 

Pleistocene time frame. This approach suffered mainly from a lack of data points distributed across 

the region, but some useful points can be made. 

The grainsize statistical parameters of Holocene sediments show some clear differences from those of 

the early Pleistocene. The Pleistocene samples are poorly sorted, mostly silts, coarse skewed and 

platykurtic, whereas the Holocene samples are moderately sorted, leptokurtic and sandy contourites. 

The Holocene sediments are mostly unimodal whereas the Pleistocene are a combination of bimodal 

and unimodal.   Two main scenarios listed below can best explain the variation in overall mean grain 

size and sorting through geologic time. Both have certain merits and it is difficult to distinguish 

between them at this stage: 

1) Bottom-current velocity variation, due to climate change or to morphological changes of the sea 

floor; 

2) Input of different sediment sizes into basin, perhaps because of uplift in the source areas. 

Within the early Pleistocene time period, the grainsize data from the different well sites do not show 

any very systematic variation. To a certain extent the sediments of site 1388 are, on average, coarser-

grained than those from other wells. Amongst the other wells there is too much scatter to make a clear 

statement or interpretation. 

7.4.2 Turbidite Grainsize Synthesis 

Turbidites are not necessarily deposited by the simple waning of the flow, but the whole process is 

more complex and dynamic. The deposition of a turbidite and the exact type of grainsize statistical 

parameters observed in any given system can be due to several factors. These are: the location, the 

stage of turbidity current, the flow pathway, the strength / velocity of flow, the original grain-size of 

the source material (i.e. the size and quantity of the sediment available for sedimentation), the local 

tectonics, basin morphology, velocity of the depositing current at different phases of deposition, and 

others. For example, variation or fluctuation in velocity can cause bimodality in turbidite and that 

affects the sorting, skewness and kurtosis values. No one turbidite model can be used as a standard for 

all turbidite analysis, but each turbidite sequence should be treated individually and studied in detail 

to deduce whether the nature of their textural properties and any vertical grainsize trends that are 

apparent. 
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Mean grain-size is a good indicator of turbidity current flow energy and the size range of available 

materials (Sutherland and LEE, 1994). The wide range of mean grain-size in the turbidites presented 

in this study indicate a wide range of flow energy (and/or source materials), including very high-energy 

turbidity currents depositing gravel (flow velocity > 8 ms-1) and very low-energy flows depositing 

mud turbidites (flow velocity ~ 9-16 cms-1). Sorting depends on several factors including source of 

material, nature of sedimentary process (e.g., wave or current) and uniformity and persistence of 

energy conditions (Glaister and Nelson, 1974). The samples presented in this study show an abundance 

of both moderately sorted, poorly sorted and very poorly sorted samples. This is considered typical for 

many turbidites. Skewness and kurtosis values for turbidites are not widely reported in the literature. 

The bi-variate plot of mean size and sorting presented in Chapter 6 reflects the very wide range of 

turbidites plotted (from across the globe) and hence their wide scatter in mean grain-size and sorting 

values. The trends observed (Fig 6.22A) are rather indistinct, but loosely sinusoidal in shape – with a 

‘W’-shape apparent. The mean size vs skewness plot shows a range of fine skewed, normal and coarse 

skewed grain size distributions, but with a notable correspondence between skewness and mean grain 

size. The mean size vs kurtosis is less easily interpreted, but the spectrum of kurtosis values is 

considered to be mainly due to different sediment sources, different admixtures of source materials, 

and hence various bimodal, tri-modal and polymodal distributions. 

During a normal sustained turbidity current, the sediments sort themselves to some extent during the 

flow as the coarser sediments are usually deposited first and then there is deposition of successively 

finer material with decrease in velocity. This causes coarser skewed sediments. For the turbidites 

studied, these fine skewed leptokurtic sediments are similar in number to coarse skewed because the 

turbulence of the flow makes it possible for varying grainsizes (GZ) to be transported. The varying GZ 

get sorted only slightly, hence the varied skewness and kurtosis curves. In essence, the leptokurtic 

curve is a result of both velocity and on source of sediment but more of the latter. 

Turbidite sediments are seldom 100% unimodal. Most unimodal turbidites may have a small amount 

of a (unreadable) secondary mode, which may not be large enough to cause bimodality, but imparts 

the statistical parameters like sorting, skewness and kurtosis. It does take addition of a large amount 

of secondary material for sorting to be affected but only a little addition for skewness and kurtosis to 

be distorted. The non-unimodal tendency of the grain size distribution explains the poorer sorting 

values. Sorting for these are usually worse in the fine tail of the curve than it is in the central portion. 

Polymodal sediments exhibit the most influence on skewness (i.e. there is a skewed proportion in the 

way their various grain size distribution is mixed). The bimodal or tri-modal sediments that are sub-
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equal will be platykurtic, while the unimodal with subordinate mode will be leptokurtic. The current 

exercise shows that kurtosis of turbidite is related to the 1) modality of the material deposited by the 

turbidity current 2) the velocity of the current 3) the stage of the flow at which the sediment was 

deposited 4) the sorting. 

7.4.3 Distinguishing Between Turbidites and Contourites   

Single statistical measures, such as mean grain size, sorting or skewness, are insufficient for 

distinguishing turbidites from contourites or from any other deposits. The values are generally over a 

very wide range and overlap with those of other sediment types. This study found that selected bi-

variate plots of grainsize parameters were more useful for distinguishing facies e.g. Fig 7.7. In 

particular, the skewness vs mean size and the CM plots are most useful in distinguishing between 

contourites and turbidites. 

Mean size vs skewness does give some distinction, but it has no unique trends (or the absence of any 

trends) that could be considered typical of turbidites. However, the skewness vs kurtosis or sorting vs 

skewness plots both appear to reflect the changes in the tail of the distribution and apparent change in 

indication of transport mechanism. Previously, plots of sorting vs skewness had shown the cluster area 

for different environments but not so much for turbidites and contourites. However, when the sample 

points from this study are included, it is clear where turbidite and contourites sediments should plot in 

sorting-skewness a bivariate plot (Fig 7.5.) 

When interpreting skewness in deep marine environment (especially for turbidite samples), the 

modality of the sediments also needs to be considered. Depending on the modal ratio the platykurtic 

samples can have -ve or +ve skewness. The fine skewed sediments that are platykurtic must be bimodal 

or trimodal with a high percentage of fines and few quantities of other secondary grain size. The fine 

skewed and very fine skewed leptokurtic are the fine sands with little amount of coarse material (like 

pebble size material). Platykurtic sediments have been mostly associated with very poorly sorted 

sediments. The spread kurtosis curve will be best explained by the sorting of the sediment. Modality 

of the grain-size rather like mean grain-size explain the spread on a kurtosis curve. 

Prior to this study, bivariate plots have been used mainly to distinguish sediments from other 

environments and not deep-sea environment. However, this study helps in the understanding of the 

geologic significance of statistical parameters in the differentiation of deep-sea sediments. The analysis 

of all grain size statistical parameter of turbidite and contourite data samples provides textural criteria, 

which can be used to identify depositional mechanism and dynamics of turbidity and bottom current 

flow.  
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 Fig 7. 5 Sorting vs skewness cross plot showing the turbidite and contourite samples relative to samples from other shallow marine environment. 
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Fig 7. 6 CM Plots of turbidites(B) and contourite (A)



 

427 
 

 

Fig 7. 7 Showing the mean versus sorting bivariate plot and the relative cluster of turbidites (yellow oval) and contourites (black oval) 

This will be especially useful where a fast interpretation of textural properties and characterisation of 

turbidites and contourites as has been done for beach, dune and river sediments in the past. 

Three further aspects of these textural characteristics are worth noting. 

(a) Reworked sediments have some characteristics similar to contourites and others similar to those of 

turbidites. This may be useful in their distinction.   

(b) The similar grainsize statistical parameters observed in the fine fractions of all three facies 

(contourites, turbidites and hemipelagites, table 6.29) suggests that the finest-grained deep-sea facies 

are indistinguishable using grainsize parameters. 

(c) Modal characteristics can further be used as a distinguishing criterion. When the whole sequence 

is present, the nature of gradation (i.e. bi-gradation versus normal grading) and the modality trend is 

the most useful. Contourites are unimodal at base and top and bimodal in middle. Turbidites are 
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bimodal or tri-modal at base and unimodal at the top. Reworked turbidites are either bimodal or 

unimodal throughout. 

Coarse fraction  Turbidites Contourites Reworked  Turbidites  

Mean  High  Low  Intermediate  

Modal value  Different  Repetitive /similar mode Repetitive /similar mode 

Modal  Trimodal / Bimodal  Bimodal  Bimodal  

Carbonate content  5-18  18-32 7-20  

Sand component  Terrigenous  Biogenic / Terrigenous  >Terrigenous and <Biogenic  

Calcite  Low High  Low 

Quartz  High Low High  

Fossil% High   forams /diatoms High Nannofossils High forams/ diatoms 

Table 7. 2 Summary table showing differences between the coarse grained turbidite, contourites and reworked turbidites   

7.5 Hydrocarbon Implications  
Although it has not been a major theme throughout this study, it is nevertheless of interest to consider 

the hydrocarbon significance of the work. Turbidites are the dominant deepwater reservoir globally, 

with an estimated 1600 turbidite fields currently recognised (Weimer et al., 1998, Weimer et al., 2007); 

Stow, pers. comm). Contourite and mixed turbidite-contourite reservoirs are now beginning to be more 

widely recognised (Viana, 2007b), but so far there has been little published characterisation of such 

reservoirs. 

Understanding the morphological features in the GOC area is important for comprehending the 

evolution and distribution of tectonic structures, which in turn will give an insight into the petroleum 

system, possible hydrocarbon migration pathways and potential traps. Exploration for Miocene 

turbidite reservoirs will benefit from an understanding of turbidite distribution at the present day. 

Recognition of the nature of sandy contourites and their spatial distribution in the Quaternary and 

Recent succession is valuable as a modern analogue for potential contourite reservoirs elsewhere. 

Therefore, careful analysis of both the seafloor and subsurface morphological and tectonic features 
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will provide considerable insight into where sands may be present in the deepwater portions of the 

GOC. This information is important for both hydrocarbon exploration and exploitation. 

The search for hydrocarbon in the Gulf of Cadiz has also caused a lot of interest in distribution and 

characteristic of along slope bottom current deposits, the complex interaction of bottom currents, 

turbidity currents and pelagic depositional processes, and the effect of the bottom currents on other 

deep-sea deposits. In some areas, such as the northern part of GOC, the present-day turbidity current 

pathways are obvious, the major pathway being the Portimao Canyon. In other parts areas of the GOC, 

turbidity current pathways and thus the likely location of coarse-grained sediments is not so obvious. 

 In the paragraphs below, a brief explanation is provided as to how the presence of specific 

morphological features and sedimentary facies can affect the petroleum system, availability of 

hydrocarbon and hydrocarbon distribution. 

This study has proposed that the northern margin of the GOC is best considered a mixed depositional 

system and is therefore relevant as a modern analogue for mixed facies petroleum systems elsewhere. 

The data set presented herein provides a detailed picture of the relationship between different facies, 

the general architecture of the margin deposits and the principal controls that have operated. Turbidites, 

contourites and hybrid deposits have been clearly characterised in terms of their textural attributes. A 

different and more appropriate model can be used as opposed to the traditional submarine fan model 

to predict reservoir occurrence and potential distribution. 

Also an enormous quantity and extensive distribution of contourite sands (and bottom-current-

modified turbidite sands) has been reported {(Stow et al.); (Stow et al., 2013); (Hernández-Molina et 

al., 2013)} (Fig. 27), especially in the proximal part of the CDS close to the Strait of Gibraltar, where 

traction sedimentary structures have been found in a very thick, sandy contourite layers (> 10 m) that 

had been drilled (Hernández-Molina et al., 2013, Hernández-Molina et al., 2014). Deeply buried and 

compacted ancient turbidite sands form an important class of hydrocarbon reservoirs (Weimer et al., 

2007) as they are known to contain economically viable reserves. 

The careful characterisation of both contourite and turbidite sands as potential reservoirs is important 

for better evaluating reservoir properties, and the data generated in this study has helped greatly in this 

regard. Mean grain size and sorting are closely related to porosity, both for turbidites and contourites. 

The mean-size vs sorting bi-variate plots, therefore, are helpful in determining the most favourable 

values for good porosities. Also, the mean grain size can give an indication of the part of the 

depositional system in which the turbidite/contourite was deposited – i.e. within a channel/canyon, 

contourite channel, contourite sand sheet, or other. 
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Finally, an understanding of tectonic activity is critical in hydrocarbon prospectivity as the tectonism 

in an area can positively or negatively affect the region’s petroleum system. This study has clearly 

exposed the tectonic controls and their effects and regional distribution. Information on faults, diapirs 

and fluid escape pathways is also an important aspect of petroleum basin evaluation. 

 

7.6 Further Work  

Despite the work done here, a lot is yet to be understood about deepsea sediments (especially 

contourites). Therefore, the following further work are recommended:  

a) To further understanding the processes of bottom current flow and visualise these vary laterally and 

longitudinally within the Gulf Cadiz more grainsize and mineralogical analysis is required. For 

instance, the Holocene contourite succession across all IODP wells should be studied in more detail. 

b) Conduct sediment budget analysis for the Gulf of Cadiz CDS and other drifts to understand i) how 

much and what type of sediment are derived from different sources. ii) The mechanism of deposition 

and the carrying capacity across a current system. 

c) Determine with more certainty whether the bi-gradational grain size sequence in contourites is 

driven by variation in bottom current velocity or in sediment supply?  

d) More work on Economic significance i) Documenting and understanding the variation of organic 

carbon content of contourites ii) analyse contourite porosity and permeability ii) study of the role of 

bottom currents in the development of ferro-manganese nodules 

e) Comprehensive analysis of the ichnofacies characterisation of contourites with the aim of 

understanding diversity, nature and distribution of trace fossils and how this controls organic matter 

supply, water mass, and sedimentation rates.  

f) Detailed knowledge on the role of bottom currents in deep-water benthic ecosystems, e.g. needs to 

be acquired cold-water corals and hose of black smoker vents. 

g) Consider how different bottom water masses and hence different bottom current systems are affected 

by climate. 
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7.7 Conclusion  
The principal research highlights of this study can be briefly summarised as follows: 

• The Gulf of Cadiz has been characterised as a transpressive continental margin with a highly 

complex geomorphology. This is especially true in the southern Gulf of Cadiz, where the area 

overlying the accretionary wedge complex shows a rugged topography, caused by folding, faulting 

uplift and depression. This in turn results from the interplay of mud and salt diapirism, diapiric 

withdrawal basins, slope instability, mass transport events, westward propagation of the 

accretionary wedge complex, and sediment-load induced subsidence. 

• The nature and distribution of geomorphological features across the northern margin of the Gulf 

of Cadiz have been characterised and quantified in detail for the first time. The principal features 

identified include faults, diapirs, fluid-escape features (pockmarks, mud volcanoes, mud mounds, 

chimneys), mass-transport deposits (slides, slumps, debrites), and erosional-depositional forms 

(scarps, scours and sediment waves). A complete new morpho-sedimentary map of the region has 

been constructed and a clearer link between seafloor feature and basin hydrology established.  

• The geomorphological features are each carefully considered in terms of the principal controls on 

their formation, and on just how they influence sedimentation and contribute to the large-scale 

sediment variation observed in the area. It is clearly seen that there is a very close, albeit complex, 

interaction between geomorphology and sedimentation. Based on this the principal source and 

supply routes are predicted. 

• A different approach towards understanding the link between geomorphology and sedimentation 

for the study area has been presented. This is a quantitative geomorphometric analysis, which is 

typically used for alluvial-fluvial basins. The novel results on downslope and alongslope drainage 

networks on the GOC margin still need further refinement and interpretation, but the approach is 

certainly valid and worth further application. 

• Detailed seismic stratigraphic study shows that the regional-scale depositional architecture is 

affected by periodic tectonic activity that drives the depositional processes and constrains current 

pathways. At a more local scale, sedimentation is strongly affected by the geomorphology and 

underlying structures. Tectonics has both direct and indirect strong controls on sedimentation. The 

fault and diapir-induced subsidence caused formation of basins. The NW-SE to NNW-SSE 

compression phase enhanced the folds of the basin. Faults, diapirs and folds controlled the 

thickness and lateral distribution of the sediments and sediment drifts. 

• A good understanding of the influence and impact of different processes (e.g. turbidity currents) 

on bottom currents and contourites. Also, a clear characterisation of the criteria for recognition of 
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contourites in the ancient record (subsurface) and their distinction from related deposits in deep 

water—e.g. turbidites, hemipelagites. 

• There is a mixed sedimentary assemblage in the northern Gulf of Cadiz continental margin, 

including contourites, turbidites, bottom-current reworked turbidites, debrites, slumps, mass 

transport deposits, hemipelagites and pelagites. This study proposes that the margin, and similar 

systems around the world, should be referred to as a mixed depositional system. The different facies 

are, in part, spatially and temporally separated, and in part, closely interbedded.  

• Detailed textural analyses of contourites from the GOC have greatly extended previous work on 

contourite grain size. In particular, the bi-variate cross plots of grainsize statistical parameters are 

important for characterising contourite facies and for better understanding their mode of transport 

and deposition. 

• Detailed textural analysis of turbidites from many published and unpublished datasets across the 

world have been collated for comparison with those of contourites. They provide a benchmark of 

turbidite textural characteristics based on over 1200 analyses. The bi-variate cross plots are very 

valuable for comparison with and distinction from contourites – in particular, the skewness vs mean 

size and the CM plots. 

• The compositional variation between different facies, between different parts of individual facies, 

and within a regional and stratigraphic framework were determined. Also, the origin of textural 

properties in the different facies were suggested. 

• Much of the data, results and interpretations presented here are valuable in the continued search 

for deepwater hydrocarbons especially for the characterisation of oil/gas in contourite reservoirs 

which is still a challenge. 
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Introduction

Contourite drifts are identified as the large-scale morphological expression of contourite deposition. They comprise thick to very
thick (10 to>1000 m) accumulations of mainly contourite sediments. At the present day, they are found covering large areas of the
deep seafloor beneath modern bottom current systems and range in scale from 102 to >106 km2 (Faugères and Stow, 2008). In the
ancient record on land, they are more difficult to recognize, due to their large size and subtle geometry. Contourites are sediments
that have been deposited, or significantly affected, by the persistent action of bottom currents.

At the still larger scale, Contourite Depositional Systems comprise several related drifts and associated erosional elements. They
commonly develop along continental margins that have been under the influence of bottom currents for relatively long periods of
time (>2–3 My). Interbedded (mixed) sequences of contourites and other deep-water facies are not uncommon where the influence
of the downslope and alongslope processes are equally effective.

Not only do bottom currents transport and deposit sediment but they may also erode the seafloor. Contourite erosional
elements are nondepositional zones and erosional features on the seafloor that have been caused by the action of bottom currents.
They are often closely associated with and adjacent to contourite drift deposits. They occur where the bottom current velocity is
sufficiently strong to prevent deposition or cause substrate erosion.

Contourite bedforms are the small-scale seafloor sedimentary features, such as waves, dunes, ripples, and scours. They result
from the erosional, transport, and depositional action of bottom currents at the seafloor. These are very common features that are
found covering drifts and erosive surfaces beneath active bottom current systems at the present day. However, many of the internal
sedimentary structures due to these bedforms are only rarely preserved in the contourite sediment record, largely because they are
destroyed by the action of burrowing organisms.

It was the many observations of such bedforms on the seafloor during pioneering oceanographic surveys of the 1950s and 1960s
that, in part, led marine scientists to first propose the significant effects of bottom currents in shaping sedimentation on the deep
continental rise off eastern North America. The term “contourite drift” was first used in the 1970s by (Hollister and Heezen, 1972),

Encyclopedia of Ocean Sciences, 3rd Edition https://doi.org/10.1016/B978-0-12-409548-9.11590-8 1
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Introduction

The oceans are stratified into distinct layers with different physical and chemical properties. One of the principal divisions is
between the upper warm-water sphere and the deep cold-water sphere, separated by the thermocline. The thermocline is the zone of
marked temperature change from about 200 to 1000 m water depth. For physical oceanographers, deep-sea bottom currents are
generally defined as the flow of water masses in the cold-water sphere beneath the base of the thermocline (Zenk, 2008).

There are at least three different bottom current types that can be recognized as operating in deep water settings (Shanmugam,
2008; Rebesco et al., 2014; Esentia et al., 2018) including: (a) wind-driven bottom currents, (b) thermohaline bottom currents, and
(c) deepwater tidal bottom currents, both barotropic and baroclinic. Bottom currents are also affected by intermittent processes,
such as giant eddies, benthic storms, flow cascading, and tsunamis. All of these currents and processes are capable of affecting
seafloor sediment through their erosion, transport and deposition.

Early work by the German physical oceanographer Wüst (1933) initially proposed that bottom currents driven by thermohaline
circulation might be sufficiently strong to influence sediment flux in the deep ocean basins. But his work was largely ignored until
the early 1960s when Bruce Heezen of Woods Hole Oceanographic Institute took up the challenge from a marine geological
perspective. In their now seminal paper of 1966, Heezen, et al. demonstrated the very significant effects of contour following
bottom currents or contour currents in shaping sedimentation on the deep continental rise off eastern North America. The deposits
of these semipermanent alongslope currents soon became known as contourites, clearly distinguishing them from the deposits of
downslope event processes known as turbidites. The ensuing decade saw a profusion of research on contourites and bottom currents
in and beneath the present-day oceans, and the demarcation of slope-parallel, elongate, mounded sediment bodies made up largely
of contourites that became known as contourite drifts (Hollister and Heezen, 1972; McCave and Tucholke, 1986).

For the most part, physical oceanographers have worked independently of geologists on the nature and variability of bottom
currents, so that much integration is still required between these disciplines. Important contributions that to some extent bridge this
divide have come from the HEBBLE project on the Nova Scotian Rise (Hollister and McCave, 1984), work along the Brazilian
continental margin (Viana et al., 1998), and an extensive program of research in the Gulf of Cadiz, culminating in IODP Expedition
339 (Stow et al., 2013; Hernandez-Molina et al. 2014). Prior to this latest mission, the international deep-sea drilling program in its
various guises (DSDP, IPOD, ODP, IODP) has contributed enormously to contourite research—the paleoceanographic context and
study of oceanic gateways remain primary targets at present. A topical synthesis of ocean currents can be found in Stow (2017).

This contribution in the Encyclopedia of Ocean Sciences is one of three on deep-sea bottom currents and their deposits. The focus
here is on the nature and variability of bottom currents, based largely on physical oceanographers’ observations of modern oceans,
their water mass structure and patterns of circulation. The other two contributions outline the contourite drifts, erosion surfaces and
bedform morphology caused by bottom current interaction with the seafloor, and the nature of bottom current deposits, known as
contourites.

Ocean Stratification

From top to bottom, the ocean is organized into layers, in which the physical and chemical properties of the ocean—temperature,
salinity, density, and light penetration—show strong vertical segregation. This layer-cake structure is always present but variable in
its stability and subject to periodic breakdown, disruption and change.

Encyclopedia of Ocean Sciences, 3rd Edition https://doi.org/10.1016/B978-0-12-409548-9.10878-4 1
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Introduction

Contourites are defined as all those sediments deposited or substantially reworked by the persistent action of bottom currents (Stow
and Lovell, 1979; Stow et al., 2002; Rebesco, et al. 2014). The term “contourite” was originally used specifically for sediments
deposited in the deep-sea by contour-parallel (alongslope) bottom currents driven by thermohaline circulation. It has since been
widened to embrace a range of sediments affected by different types of current, including those that act in shallower water (Viana
et al., 1998)—that is, upper slope and outer shelf depths—as well as in large lakes and inland seas. These are referred to as lacustrine
and shallow-water contourites.

Contourites are one of three principal deepwater sediment facies—the others being turbidites, deposited by downslope density
currents, and pelagites/hemipelagites, which result from vertical settling through the water column. In fact, there is a continuum
between these different processes and facies, which are therefore end-members on a natural spectrum of deposits (Fig. 1). All three
types can be closely interbedded, particularly in continental margin sedimentary successions. Strong bottom currents are also
capable of winnowing and eroding the sea-floor, and of preventing deposition, thereby causing hiatuses and/or hardgrounds in the
sediment record.

Much of the early pioneering work on contourites was carried out along the eastern continental margin of North America, and
served to document the strong influence of the deep Western Boundary Undercurrent in shaping the lower continental slope and
rise (Heezen et al., 1966). As there are no distinctive, mounded, contourite drifts alongmuch of this margin, the contourite facies are
found closely intercalated with turbidites and hemipelagites. This led to early problems with the distinction between these different
deep-water facies.

Resolution of these problems has been achieved through the study of contourites from many more drifts worldwide, and
especially those of incontrovertible bottom-current construction (Stow and Lovell, 1979; Stow and Faugères, 2008). As many more
descriptions of modern contourites emerged in the literature, more reliable facies models were developed for both muddy and
sandy contourites, and these were combined into the now standard contourite facies model (Gonthier et al., 1984). A recent
expedition of the International Ocean Discovery Program, IODP339, drilled a series of six sites in the Gulf of Cadiz and recovered
over 4500 m of contourite cores (Hernandez-Molina et al., 2014). Subsequent research on this material has validated the standard
facies model, extended our understanding of sandy contourites (Brackenridge et al., 2018), and elucidated the nature of the
depositional processes and controls.

This contribution in the Encyclopedia of Ocean Sciences is one of three on deep-sea bottom currents and their deposits. The focus
here is on the contourite sediment facies, based largely on modern and subrecent data recovered from present-day oceans. It also
includes reference to current work on ancient contourites exposed on land, and to the broader relevance of contourites to
paleoclimate studies, ocean hazards and hydrocarbon prospectivity. The other two contributions outline the larger-scale contourite
drifts and bedform morphology, and the nature of bottom currents.

Encyclopedia of Ocean Sciences, 3rd Edition https://doi.org/10.1016/B978-0-12-409548-9.10879-6 1
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Appendix B  

Morphology Data 

 
Appendix 1 Map of all the channels profiles, on the right are cross profiles showing the changing width of Channel L1 
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Appendix 2 Map of showing a large extrusive diapir and adjacent channels. Profiles showing changing width of both the diapir and adjacent channe
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FID Nature Bedforms Location Planview Length Group 

0 Bedform Scour Openslope Horseshoe 5.216218 Isolated 
1 Scarp Mudvolcano NW Crescent 5.26772 Isolated 
2 Scarp Fault SE Straight 6.264224 Isolated 
3 Scarp Fault NW Straight 4.761408 Isolated 
4 Scarp Fault NW Straight 3.172382 Isolated 
5 Scarp Slide NW Straight 6.496181 Isolated 
6 Scarp Fault NE Straight 10.68 Isolated 
7 Bedform Scour Openslope Straight 5.388512 Linear 
8 Scarp Fault SW Straight 48.77 Linear 
9 Scarp Fault SW Straight 8.470869 Linear 
10 Scarp Fault NE Straight 5.255098 Cluster 
11 Scarp Fault NW Straight 5.778789 Cluster 
12 Scarp Fault NW Straight 5.692523 Cluster 
13 Scarp Slide GB Crescent 3.361026 Steplike 
14 Bedform SedimentW Channel Straight 5.023336 Linear 
15 Bedform SedimentW SE Straight 6.685916 Steplike 
16 Scarp Slide GB Crescent 2.121218 Steplike 
17 Scarp Slide GB Crescent 3.193509 Steplike 
18 Scarp Slide GB Crescent 5.220733 Steplike 
19 Scarp Slide GB Crescent 3.696666 Steplike 
20 Scarp Slide GB Crescent 1.554664 Steplike 
21 Scarp Fault SE Straight 2.426611 Isolated 
22 Scarp Fault SE Straight 2.016511 Linear 
23 Scarp Fault SE Straight 1.796554 Linear 
24 Scarp Fault SE Straight 1.764344 Linear 
25 Scarp Fault SE Straight 1.598333 Linear 
26 Scarp Fault SW Straight 20.95 Linear 
27 Scarp Fault SW Straight 22.84 Linear 
28 Bedform Scour NE Horseshoe 4.5005 Isolated 
29 Scarp Fault NW Crescent 19.84 Isolated 
30 Scarp Slide NW Sinous 13.23 Isolated 
31 Scarp Slide NW Sinous 26.08 Isolated 
32 Scarp Fault SW Straight 31.3 Isolated 
33 Scarp Fault  NE Straight 3.885944 Linear 
34 Scarp Fault NE Straight 2.673541 Linear 
35 Scarp Slide GB Crescent 1.685164 Steplike 
36 Scarp Slide GB Crescent 1.622122 Steplike 
37 Scarp Slide SE Crescent 2.103421 Steplike 
38 Scarp Slide SE Crescent 1.623993 Steplike 
39 Scarp Slide SE Crescent 3.186666 Steplike 
40 Scarp Slide SE Crescent 1.931615 Steplike 
41 Scarp Slide SE Crescent 1.981488 Steplike 
42 Scarp Slide SE Crescent 1.567086 Steplike 
43 Scarp Slide SE Crescent 2.130107 Steplike 
44 Scarp Fault SE Crescent 5.596313 Isolated 
45 Bedform Scour Openslope Straight 18.43 Isolated 
46 Scarp Slide SE Crescent 2.269465 Steplike 
47 Scarp Slide SE Crescent 3.400363 Steplike 
48 Scarp Slide SE Crescent 1.375969 Steplike 
49 Scarp Slide SE Crescent 3.219137 Steplike 
50 Scarp Slide SE Crescent 1.451277 Steplike 
51 Scarp Slide GB Crescent 1.660851 Steplike 
52 Scarp Slide GB Crescent 2.495853 Steplike 
53 Scarp Slide GB Crescent 1.897311 Steplike 
54 Scarp Slide GB Crescent 3.2228 Steplike 
55 Scarp Slide GB Crescent 3.277997 Steplike 
56 Scarp Fault SE Straight 11.58 Isolated 
57 Bedform SedimentW Channel Straight 4.806501 Cluster 
58 Bedform SedimentW Channel Straight 5.36132 Linear 
59 Scarp Fault SE Straight 7.545777 Isolated 
60 Scarp Mudvolcano SE Crescent 3.991777 Isolated 
61 Scarp Fault SW Straight 33.15 Isolated 
62 Bedform SedimentW Channel Straight 6.125385 Linear 
63 Bedform SedimentW Channel Straight 3.936502 Linear 
64 Scarp Slide NE Crescent 1.350824 Steplike 
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65 Scarp Slide NE Crescent 1.086364 Steplike 
66 Scarp Slide NE Crescent 1.480291 Steplike 
67 Scarp Slide SE Crescent 3.031512 Steplike 
68 Scarp Slide SE Crescent 1.305382 Steplike 
69 Bedform SedimentW Channel Straight 7.963405 Linear 
70 Scarp Fault SE Straight 6.805517 Isolated 
71 Scarp Fault SE Straight 10.09 Isolated 
72 Scarp Scour NE Crescent 3.05956 Linear 
73 Scarp Mudvolcano SE Crescent 2.288497 Cluster 
74 Scarp Mudvolcano SE Crescent 1.942678 Cluster 
75 Scarp Mudvolcano SE Crescent 4.10505 Cluster 
76 Scarp Mudvolcano SE Crescent 2.498282 Cluster 
77 Scarp Mudvolcano SE Crescent 3.788209 Isolated 
78 Scarp Slide GB Crescent 2.023533 Steplike 
79 Scarp Slide GB Crescent 2.857464 Steplike 
80 Scarp Slide GB Crescent 4.041312 Steplike 
81 Scarp Slide GB Crescent 6.038843 Steplike 
82 Scarp Scour Upper Slope Sinous 12.41 Steplike 
83 Scarp Diapir Middle slope Crescent 11.55 Isolated 
84 Scarp Diapir Middle Slope Crescent 11.66 Isolated 
85 Scarp Diapir Middle Slope Crescent 6.372923 Isolated 
86 Scarp Diapir Middle Slope Crescent 17.3 Isolated 
87 Bedform? Unknown AWCfront Sinous 15.04 Cluster 
88 Bedform? Unknown AWCfront Sinous 9.204941 Cluster 
89 Bedform? Unknown AWCfront Sinous 10.99 Cluster 
90 Bedform? Unknown AWCfront Sinous 15.08 Cluster 
91 Bedform? Unknown AWCfront Sinous 17.39 Cluster 
92 Bedform? Unknown AWCfront Sinous 10.22 Cluster 
93 Bedform? Unknown ACWfront Sinous 7.664614 Cluster 
94 Bedform? Unknown AWCfront Sinous 8.574519 Cluster 
95 Bedform? Unknown AWCfront Sinous 28.46 Cluster 
96 Bedform? Unknown AWCfront Sinous 11.6 Cluster 
97 Bedform? Unknown AWCfront Sinous 11.04 Cluster 
98 Bedform? Unknown AWCfront Sinous 7.986839 Cluster 
99 Bedform? Unknown AWCfront Sinous 18.35 Cluster 
100 Bedform? Unknown AWCfront Sinous 12.55 Cluster 
101 Bedform? Unknown AWCfront Sinous 7.612953 Cluster 
102 Bedform? Unknown AWCfront Sinous 4.863657 Cluster 
103 Bedform SedimentW NW Sinous 15.78 Cluster 
104 Bedform SedimentW NW Sinous 14.14 Cluster 
105 Bedform SedimentW NW Sinous 13.19 Cluster 
106 Bedform SedimentW NW Sinous 10.27 Cluster 
107 Bedform SedimentW NW Sinous 15.38 Cluster 
108 Bedform SedimentW NW Sinous 8.741515 Cluster 
109 Bedform SedimentW NW Sinous 12.88 Cluster 
110 Bedform SedimentW NW Sinous 12.42 Cluster 
111 Bedform SedimentW NW Sinous 4.852781 Cluster 
112 Scarp Slide NW Crescent 2.559739 Cluster 
113 Scarp Slide NW Crescent 2.114564 Isolated 
114 Scarp Slide NW Crescent 1.934966 Isolated 
115 Scarp Slide NW Crescent 1.93652 Isolated 
116 Scarp Slide NW Crescent 4.675274 Isolated 
117 Scarp Slide NW Crescent 1.679381 Steplike 
118 Scarp Slide NW Crescent 2.581736 Steplike 
119 Scarp Slide NW Crescent 1.909186 Steplike 
120 Scarp Slide NW Crescent 3.072472 Steplike 
121 Scarp Slide NW Crescent 2.716077 Steplike 
122 Scarp Slide NW Crescent 2.09371 Steplike 
123 Scarp Slide NW Crescent 1.971608 Steplike 
124 Scarp Diapir NW Crescent 5.875283 Isolated 
125 Bedform SedimentW Central Crescent 4.282854 Linear 
126 Bedform SedimentW Central Crescent 4.421985 Linear 
127 Bedform SedimentW Central Crescent 6.781351 Linear 
128 Bedform SedimentW Central Crescent 4.95448 Linear 
129 Bedform SedimentW Central Crescent 6.547303 Linear 
130 Bedform SedimentW Central Crescent 2.30195 Linear 
131 Bedform SedimentW Central Crescent 2.7561 Linear 
132 Bedform SedimentW Central Crescent 3.514782 Linear 
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133 Bedform SedimentW Central Crescent 3.380389 Linear 
134 Bedform Scour Openslope Straight 10.88 Isolated 
135 Scarp Diapir SW Crescent 6.27622 Isolated 
136 Scarp Mudvolcano SE Crescent 3.385505 Isolated 
137 Scarp Mudvolcano SE Crescent 2.467466 Isolated 
138 Scarp Slide NW Sinous 13.27 Isolated 
139 Scarp Slide NW Sinous 9.902166 Isolated 
140 Bedform SedimentW NW Sinous 8.690097 Isolated 
141 Bedform SedimentW NW Sinous 9.086663 Isolated 
142 Scarp Mudvolcano NW Sinous 4.619948 Isolated 
143 Scarp Slide NW Sinous 5.556011 Isolated 
144 Scarp Slide SW Sinous 44.89 Isolated 
145 Scarp Slide GB Crescent 3.833181 Cluster 
146 Scarp Slide GB Crescent 3.374534 Cluster 
147 Scarp Scour NW Sinous 9.385387 Isolated 
148 Scarp Slide NW Crescent 5.513094 Isolated 
149 Bedform SedimentW Central Crescent 2.335501 Linear 
150 Bedform SedimentW Central Crescent 2.600384 Linear 
151 Bedform SedimentW NW Sinous 7.074465 Linear 
152 Bedform SedimentW NW Sinous 4.878032 Linear 
153 Scarp Slide     0   
154 Scarp Slide     0   
155 Bedform SedimentW     0   
156 Bedform SedimentW     0   
157 Bedform SedimentW     0   
158 Bedform SedimentW     0   
159 Bedform Scour Offchannel Crescent 0 Cluster 
160 Bedform Scour Offchannel Crescent 0 Cluster 
161 Bedform Scour Offchannel Crescent 0 Cluster 
162 Bedform Scour Offchannel Crescent 0 Cluster 
163 Bedform Scour Offchannel Crescent 0 Cluster 
164 Bedform Scour Offchannel Crescent 0 Cluster 
165 Bedform Scour Offchannel Crescent 0 Cluster 
166 Bedform Scour Offchannel Crescent 0   
167 Bedform Scour Offchannel Crescent 0 Cluster 
168 Bedform Scour Offchannel Crescent 0 Cluster 
169 Bedform Scour Offchannel Crescent 0 Cluster 
170 Bedform Scour Offchannel Crescent 0 Cluster 
171 Bedform Scour Offchannel Crescent 0 Cluster 
172 Bedform Scour Offchannel Crescent 0 Cluster 
173 Bedform Scour Offchannel Crescent 0 Cluster 
174 Bedform Scour Offchannel Crescent 0 Cluster 
175 Bedform Scour Offchannel Crescent 0   
176 Bedform Scour Offchannel Crescent 0 Cluster 
177 Bedform Scour Offchannel Crescent 0 Cluster 
178 Bedform Scour Offchannel Crescent 0 Cluster 
179 Bedform Scour Offchannel Crescent 0 Cluster 
180 Bedform Scour Offchannel Crescent 0 Cluster 
181 Bedform Scour Offchannel Crescent 0 Cluster 
182 Bedform Scour Offchannel Sinous 0 Cluster 
183 Bedform Scour Offchannel Sinous 0 Cluster 
184 Bedform Scour Offchannel Crescent 0 Cluster 
185 Bedform Scour Offchannel Crescent 0 Cluster 
186 Bedform Scour Offchannel Crescent 0 Cluster 
187 Bedform Scour Offchannel Crescent 0 Cluster 
188 Bedform Scour Offchannel Scour 0 Cluster 
189 Bedform Scour Offchannel Sinous 0 Cluster 
190 Bedform Scour Offchannel Sinous 0 Cluster 
191 Bedform Scour Offchannel Sinous 0 Cluster 
192 Bedform Scour Offchannel Sinous 0 Cluster 
193 Bedform Scour Offchannel Sinous 0 Cluster 

 

Appendix 3 Attribute table for mapped Scarps
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FID Name Type Nature Area MBG_Width MBG_Length MBG_Orientation Shape_Length Shape_Area 
0 Diapir Ridges ERIDGE 53.67 1465.723357 2249.945782 100.694415 7431.338521 3297798.303396 
1 Diapir Ridge ERIDGE 34.35 2919.308811 28017.417685 48.355505 61873.452992 81791495.226987 
2 Diapir Dome EDOME 0.8 3061.127267 11284.40435 30.257388 28691.063175 34542997.700607 
3 Diapir Ridge SIRIDGE 8.09 1570.151859 1820.487085 95.074213 6781.27791 2858441.199814 
4 Diapir Dome HIDOME 18.67 1877.563569 10697.021002 93.340322 25149.169158 20084336.936854 
5 Diapir Dome SIDOME 7.72 4544.608601 5330.021412 110.405133 19749.26 24222861.08302 
6 Diapir Ridge SIRIDGE 13.63 2246.662593 16189.100017 69.091976 36871.525225 36371445.418713 
7 Diapir Dome HIDOME 25.16 2910.158705 3385.470238 167.132813 12591.257887 9852255.692802 
8 Diapir Dome HIDOME 16.54 2885.202048 19713.233515 89.725013 45196.871144 56876661.428747 
9 Diapir Dome HIDOME 14.32 2645.910174 3071.972957 41.488847 11435.766368 8128164.657458 
10 Diapir Ridge SIRIDGE 10.03 2092.198951 2558.028296 82.963682 9300.454487 5351904.09611 
11 Diapir Ridge HIRIDGE 12.93 4530.518792 7576.194993 37.099736 24213.427636 34324093.966016 
12 Diapir Ridge HIRIDGE 32.62 4039.16292 5585.829028 16.927136 19249.983875 22562073.451345 
13 Diapir Dome HIDOME 3.02 3867.19996 5036.198005 76.75948 17806.795843 19475984.516068 
14 Diapir Ridge HIRIDGE 13.93 1791.131234 2038.181647 15.967001 7658.625737 3650650.77958 
15 Diapir Ridges HIRIDGE 33.25 2615.990326 8668.345468 76.072377 22568.671619 22676308.224881 
16 Diapir Ridge SIRIDGE 1.96 2809.236694 3536.94563 110.113439 12692.364656 9936117.486656 
17 Diapir Ridge SIRIDGE 149.31 1560.629818 6107.823133 57.736901 15336.905993 9532051.158523 
18 Diapir Dome HIDOME 10.22 581.494217 5778.598782 74.054604 12720.186056 3360222.041009 
19 Diapir Dome SIDOME 3.87 3724.686542 21242.191821 58.37803 49933.75677 79120505.988114 
20 Diapir Ridges ERIDGE 9.85 2619.711529 9781.225179 79.801386 24801.873487 25623988.488585 
21 Diapir Ridges ERIDGE 7.47 2334.319657 23636.420919 59.826803 51941.481187 55174962.451424 
22 Diapir Ridges HIRIDGE 57.35 25.260512 155.498313 106.835261 361.517761 3927.9716 
23 Diapir Ridge HIRIDGE 11.44 1821.491185 2194.638269 54.446697 8032.258863 3997514.222029 
24 Diapir Ridge OutProfile 2.22 1557.003378 8457.427101 62.121463 20028.860851 13168242.227567 
25 Diapir Ridge HIRIDGE 3.13 11556.379685 25967.126316 16.648113 75047.011975 300085970.946566 
26 Diapir Ridge SIRIDGE 30.34 1558.777309 5348.351406 53.7615 13814.25743 8336888.92118 
27 Diapir Ridge HIRIDGE 11.45 1044.37544 1764.882133 88.446671 5618.515049 1843199.460394 
28 Diapir Ridge SIRIDGE 63.08 847.292663 3087.025922 78.950396 7868.637263 2615614.595521 
29 Diapir Ridge SIRIDGE 5.51 8209.877652 31776.230826 101.672619 79972.216991 260878967.700193 
30 Diapir Ridge SIRIDGE 6.02 3629.106238 4078.191502 86.398722 15414.595482 14800190.227765 
31 Diapir Ridge SIRIDGE 10.69 1093.722866 1275.998742 82.097872 4739.44326 1395589.032029 
32 Diapir Dome HIDOME 3.63 20.432235 589.5178 126.596898 1219.900047 12045.152883 
33 Diapir Dome EDOME 28.81 13075.218265 34568.988024 75.294571 95288.412559 451997064.049679 
34 Diapir Dome HIDOME 32.48 8505.778823 17273.905887 66.736095 51559.369282 146928021.817425 
35 Diapir Dome HIDOME 9.5 2145.192432 2461.122226 156.974508 9212.629265 5279580.707825 
36 Diapir Dome HIDOME 2.13 2253.463853 15204.21846 72.673716 34915.364644 34262156.80076 
37 Diapir Domee HIDOME 17.36 1636.4846 6679.446927 44.041126 16631.863104 10930811.976334 
38 Diapir Dome HIDOME 6.93 2829.753253 16391.7354 94.11234 38442.977385 46384567.203923 
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39 Diapir Domes HIDOME 18.84 4884.049146 16562.264994 77.632486 42892.628314 80890916.521093 
40 Diapir Ridges SIRIDGE 25.69 1877.474047 2996.880429 59.15718 9748.709002 5626565.271153 
41 Diapir Ridge OutProfile 5.9 914.769488 1608.1322 49.37371 5045.803298 1471070.221384 
42 Diapir Ridge HIRIDGE 16.24 2318.408141 14644.479704 63.164577 33925.775596 33951879.844862 
43 Diapir Ridge HIRIDGE 22.62 3064.796648 8991.962121 100.117297 24113.517484 27558534.947873 
44 Diapir Ridge HIRIDGE 20.53 1208.588758 1341.754224 68.830243 5100.685896 1621629.031704 
45 Diapir Ridge OutProfile 9.51 1502.428906 4726.721638 49.336449 12458.300976 7101563.112127 
46 Diapir Dome HIDOME 2.21 4005.25312 8629.448812 69.489141 25269.403769 34563126.362009 
47 Diapir Ridge HIRIDGE 5.11 1424.905073 3540.251216 86.960941 9930.312451 5044521.887403 
48 Diapir Ridge SIRIDGE 4.91 9392.688961 14350.832463 157.30589 47487.042931 134792906.168949 
49 Diapir Ridge SIRIDGE 5.29 701.339945 1791.611478 66.790665 4985.902776 1256528.656856 
50 Diapir Ridge SIRIDGE 31.18 15970.575342 20517.791387 49.095266 72976.733347 327680932.225069 
51 Diapir Ridge HIRIDGE 33.71 1894.444787 3212.508795 62.244743 10213.907166 6085920.553674 
52 Diapir Ridge SIRIDGE 57.27 3831.47049 15740.966036 122.299379 39144.873102 60311047.306022 
53 Diapir Ridge HIRIDGE 15.14 3007.053862 25937.426393 57.64028 57888.960533 77995237.737791 
54 Diapir Ridge HIRIDGE 6.42 1214.946365 5864.863452 71.026615 14159.619604 7125494.508833 
55 Diapir Ridge HIRIDGE 5.85 2119.654967 3883.155004 48.825527 12005.619857 8230948.673062 
56 Diapir Ridge HIRIDGE 2.38 2087.59639 7571.266491 73.544543 19317.725621 15805748.401318 
57 Diapir Ridge SIRIDGE 22.7 262.766086 4492.572332 68.015731 9510.676901 1180495.756991 
58 Diapir Ridge HIRIDGE 21.68 7210.897913 12898.404798 68.041595 40218.605413 93009080.10737 
59 Diapir Ridge ERIDGE 2.2 3970.806894 10942.423519 152.525411 29826.460805 43450250.636627 
60 Diapir Ridge HIRIDGE 56.13 4207.254292 5731.037907 36.893271 19876.584454 24111933.976874 
61 Diapir Ridge OutProfile 16 1887.828307 2511.595993 86.088505 8798.848721 4741462.140684 
62 Diapir Ridge HIRIDGE 39.96 5490.950484 6683.088897 68.368817 24348.078801 36696510.366248 
63 Diapir Ridge HIRIDGE 5.83 5921.759433 6769.498262 14.620874 25382.515385 40087340.165598 
64 Diapir Ridge OutProfile 18.98 3035.045615 4129.482939 158.585762 14329.057145 12533169.147153 
65 Diapir Ridge OutProfile 28.69 1342.469222 2119.161058 95.728804 6923.260629 2844908.560569 
66 Diapir Ridge HIRIDGE 38.39 4370.32381 5146.006873 40.644212 19032.661347 22489716.329281 
67 Diapir Ridge HIRIDGE 8.54 2020.581221 2904.422851 75.908082 9850.008091 5868622.224483 
68 Diapir Ridge HIRIDGE 13.27 2877.062751 18354.875453 78.07526 42463.876399 52808128.021605 
69 Diapir Ridge OutProfile 14.14 4171.837703 6000.676074 62.420708 20345.027511 25033846.54674 
70 Diapir Ridge OutProfile 7.9 2649.939629 13452.722936 96.843085 32205.325169 35648903.527109 
71 Diapir Ridge HIRIDGE 8.02 1173.698709 7471.509775 47.121096 17290.416923 8769301.334451 
72 Diapir Ridge OutProfile 5.33 998.927065 2101.511164 78.690068 6200.876446 2099256.352176 
73 Diapir Ridge HIRIDGE 10.56 946.207334 6484.328816 73.056145 14861.072099 6135519.194884 
74 Diapir Ridge OutProfile 12.49 2915.251979 11339.06862 67.144429 28508.641304 33056242.623181 
75 Diapir Ridge OutProfile 14.27 1591.579336 8216.609168 60.422161 19616.376897 13077385.11067 
76 Diapir Ridge OutProfile 14.54 2571.717177 24988.137467 86.023269 55119.709252 64262423.442214 
77 Diapir Ridge OutProfile 5.84 2085.680215 11837.970773 55.222169 27847.301947 24690221.07801 
78 Diapir Ridge OutProfile 2.14 1810.447964 9223.638063 33.917431 22068.17202 16698916.473608 



 

519 
 

79 Diapir Ridge OutProfile 8.92 1547.520977 1999.491573 61.178494 7094.025099 3094255.159778 
80 Diapir Ridge OutProfile 5.36 932.161692 5229.48985 70.346176 12323.303155 4874730.19879 
81 Diapir Ridge OutProfile 9.06 882.133025 4408.559699 64.503098 10581.385432 3888936.024708 
82 Diapir Dome HIDOME 1.54 <Null> <Null> <Null> <Null> <Null> 
83 Diapir Ridge HIRIDGE 9.22 899.941907 4045.77343 67.464826 9891.430806 3640961.306586 
84 Diapir Ridge HIRIDGE 16.55 2054.051145 10470.516444 70.440602 25049.135177 21506976.395531 
85 Diapir Ridge OutProfile 4.1 4628.343673 10941.048048 72.704287 31138.783411 50638930.442944 
86 Diapir Ridge OutProfile 1.36 2639.760355 14190.112441 74.391953 33659.745524 37458495.911224 
87 Diapir Dome OutProfile 0.56 1958.10559 15950.502227 68.475486 35817.215649 31232767.649689 
88 Diapir Dome OutProfile 0.38 1094.470904 2722.145581 45 7633.232976 2979309.142903 
89 Diapir Dome OutProfile 0.55 1451.725211 4332.745739 41.413939 11568.941912 6289956.103197 
90 Diapir Ridge OutProfile 4.04 1191.04731 2516.490437 52.143892 7415.075481 2997259.176192 
91 Diapir Ridge OutProfile 3.38 1073.061869 1610.628134 79.508523 5367.379942 1728303.58829 
92 Diapir Ridge OutProfile 7.68 868.05388 1541.137866 91.182937 4818.383416 1337790.653311 
93 Diapir Ridge OutProfile 1.4 893.971089 1161.657542 92.638086 4111.25723 1038488.241985 
94 Diapir Ridge OutProfile 8.16 1347.031587 2394.242681 92.535355 7482.548545 3225120.526213 
95 Diapir Ridge OutProfile 3.26 1527.832119 2180.077143 52.066444 7415.818559 3330791.899062 
96 Diapir Ridge OutProfile 2.09 3240.043955 10022.08981 78.267398 26524.267518 32472011.328343 
97 Diapir Ridge OutProfile 4.58 <Null> <Null> <Null> <Null> <Null> 
98 Diapir Ridge OutProfile 1.62 1780.537857 17623.884254 68.143445 38808.844239 31379993.516246 
99 Diapir Ridge OutProfile 2.78 812.387932 4838.969493 46.727326 11302.714663 3931120.131404 
100 Diapir Ridge OutProfile 4.98 <Null> <Null> <Null> <Null> <Null> 
101 Diapir Ridge OutProfile 3.25 <Null> <Null> <Null> <Null> <Null> 
102 Diapir Ridge HIRIDGE 1.15 <Null> <Null> <Null> <Null> <Null> 
103 Diapir Dome SIDOME 0.78 <Null> <Null> <Null> <Null> <Null> 
104 Diapir Dome SIDOME 1.29 <Null> <Null> <Null> <Null> <Null> 
105 Dipair Ridge HIRIDGE 7.63 <Null> <Null> <Null> <Null> <Null> 
106 Diapir Ridge SIRIDGE 10.24 <Null> <Null> <Null> <Null> <Null> 
107 Diapir Ridge HIRIDGE 35.55 <Null> <Null> <Null> <Null> <Null> 
108  Diapir Ridge HIRIDGE 27.77 <Null> <Null> <Null> <Null> <Null> 
109 Diapir Ridge ERIDGE 4 <Null> <Null> <Null> <Null> <Null> 
110 Diapir Ridge EDOME 1.6 <Null> <Null> <Null> <Null> <Null> 
111 Diapir Ridge HIRIDGE 0.14 <Null> <Null> <Null> <Null> <Null> 
112 Diapir Ridge ERIDGE 3.08 <Null> <Null> <Null> <Null> <Null> 
113 Diapir Ridge ERIDGE 5.72 <Null> <Null> <Null> <Null> <Null> 
114 Diapir Ridge HIRIDGE 12.91 <Null> <Null> <Null> <Null> <Null> 
115 Diapir Ridge HIRIDGE 5.68 <Null> <Null> <Null> <Null> <Null> 
116 Diapir Ridge SIRIDGE 39.12 <Null> <Null> <Null> <Null> <Null> 
117 Diapir Ridge HIRIDGE 38.54 <Null> <Null> <Null> <Null> <Null> 
118 Diapir Ridge HIRIDGE 2.91 <Null> <Null> <Null> <Null> <Null> 
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119 Diapir Ridge HIRIDGE 7.53 <Null> <Null> <Null> <Null> <Null> 
120 Diapir Ridge HIRIDGE 16.86 <Null> <Null> <Null> <Null> <Null> 
121 Diapir Ridge HIRIDGE 5.11 <Null> <Null> <Null> <Null> <Null> 
122 Diapir Ridge HIRIDGE 35.8 <Null> <Null> <Null> <Null> <Null> 
123 Diapir Ridge HIRIDGE 14.4 <Null> <Null> <Null> <Null> <Null> 
124 Diapir Ridge HIRIDGE 4.27 <Null> <Null> <Null> <Null> <Null> 
125     HIRIDGE 0 <Null> <Null> <Null> <Null> <Null> 

 
Appendix 4 Attribute table for mapped Diapir 
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FID Shape * Area Location_2 X_cordinat Y_cordinat 

0 Polygon 44.62 Diapir 572500 3998000 

1 Polygon 12.01 Diapir 603700 4001000 

2 Polygon 28.26 Canyon 568700 4019000 

3 Polygon 60.29 Canyon 555000 4042000 

4 Polygon 6.039858 Canyon 549900 4026000 

5 Polygon 5.871764 Canyon 553200 4024000 

6 Polygon 16.59 Canyon 557000 4024000 

7 Polygon 9.210123 Canyon 553800 4029000 

8 Polygon 21.6 Canyon 557800 4018000 

9 Polygon 12.74 Canyon 510100 4027000 

10 Polygon 4.3884 Canyon 506800 4027000 

11 Polygon 157.7 PB 521300 3995000 

12 Polygon 16.65 Canyon 513600 4031000 

13 Polygon 13.95 Canyon 526500 4029000 

14 Polygon 61.57 Canyon 500600 4033000 

15 Polygon 19.01 Canyon 523100 4030000 

16 Polygon 3.319926 Canyon 523500 4037000 

17 Polygon 30.53 PB 532700 4019000 

18 Polygon 129.5 PB 544400 3993000 

19 Polygon 67.32 Canyon 531100 4035000 

20 Polygon 151.5 Canyon 537700 4044000 

21 Polygon 52.58 Canyon 543800 4030000 

22 Polygon 36.13 PB 546400 4023000 

23 Polygon 29.66 Diapir 562700 3996000 

24 Polygon 42.16 Canyon 517900 4028000 

25 Polygon 14.37 Diapir 645300 4014000 

26 Polygon 3.163863 Diapir 611700 3998000 

27 Polygon 130.1 Canyon 553000 4051000 

28 Polygon 1.452809 Channel 620500 4028000 

29 Polygon 2.074671 Channel 616600 4024000 

30 Polygon 1.100836 Channel 630900 4045000 

31 Polygon 12.88 Channel 637000 4044000 

32 Polygon 53.56 GB 621400 4034000 

33 Polygon 1.194797 Channel 613000 4021000 

34 Polygon 2.520095 Diapir 629600 4003000 

35 Polygon 12.18 GB 602300 4026000 

36 Polygon 64.53 SB 632400 4087000 

37 Polygon 79.69 Diapir 586500 3998000 

38 Polygon 45.26 SB 598800 4077000 

39 Polygon 14.18 Channel 555300 4063000 

40 Polygon 38.69 Drift 591200 4010000 

41 Polygon 29.82 Drift 589200 4015000 

42 Polygon 20.64 Canyon 512800 4041000 

43 Polygon 40.23 Diapir 586900 4004000 

44 Polygon 11.99 GB 609900 4023000 

45 Polygon 4.482397 GB 608800 4032000 

 

Appendix 5Attribute table for mapped MTD’S  
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FID Shape * Id Name Nature Length 
0 Polyline 0 Channel L-channel 53.89 
1 Polyline 0 Channel L-channel 55.86 
2 Polyline 0 Channel L-channel 123.1 
3 Polyline 0 Channel S-channel 16.88 
4 Polyline 0 Channel L-channel 33.49 
5 Polyline 0 Moat S-channel 9.856951 
6 Polyline 0 Channel L-channel 21.61 
7 Polyline 0 Channel S-channel 5.979344 
8 Polyline 0 Channel S-channel 7.389512 
9 Polyline 0 Channel L-channel 28.22 
10 Polyline 0 Channel S-channel 7.594397 
11 Polyline 0 Channel L-channel 117.8 
12 Polyline 0 Channel DS-channel 12.83 
13 Polyline 0 Channel DS-channel 13.42 
14 Polyline 0 Channel L-channel 44.44 
15 Polyline 0 Channel S-channel 7.139234 
16 Polyline 0 Channel S-channel 8.312088 
17 Polyline 0 Channel L-channel 42.58 
18 Polyline 0 Channels S-channel 12.62 
19 Polyline 0 Channels S-channel 8.802187 
20 Polyline 0   L-channel 65.52 
21 Polyline 0 Channels L-channel 42.79 
22 Polyline 0   L-channel 44.83 
23 Polyline 0   S-channel 2.044235 
24 Polyline 0   S-channel 3.294418 
25 Polyline 0   L-channel 22.24 
26 Polyline 0   L-channel 30.29 
27 Polyline 0   L-channel 18.92 
28 Polyline 0   S-channel 3.097393 
29 Polyline 0   S-channel 4.264722 
30 Polyline 0   L-channel 16.23 
31 Polyline 0   L-channel 18.59 
32 Polyline 0   L-channel 15.13 
33 Polyline 0   L-channel 19.03 
34 Polyline 0   L-channel 48.12 
35 Polyline 0   S-channel 5.831782 
36 Polyline 0     0.003121 
37 Polyline 0   S-channel 18.06 
38 Polyline 0   S-channel 1.90563 
39 Polyline 0   L-channel 32.58 
40 Polyline 0   S-channel 6.408143 
41 Polyline 0   S-channel 8.309389 
42 Polyline 0   S-channel 7.938697 
43 Polyline 0   S-channel 19.52 
44 Polyline 0   S-channel 13.36 
45 Polyline 0   L-channel 58.61 
46 Polyline 0   S-channel 8.386477 
47 Polyline 0   L-channel 29.09 
48 Polyline 0   S-channel 6.791893 
49 Polyline 0   S-channel 6.667997 
50 Polyline 0   S-channel 6.089727 
51 Polyline 0   S-channel 5.489558 
52 Polyline 0   S-channel 12.1 
53 Polyline 0   S-channel 5.638523 
54 Polyline 0   S-channel 3.380078 
55 Polyline 0   S-channel 2.846308 
56 Polyline 0   S-channel 13.95 
57 Polyline 0   S-channel 11.96 
58 Polyline 0     0.121597 
59 Polyline 0   S-channel 6.176259 
60 Polyline 0   S-channel 4.49018 
61 Polyline 0   L-channel 19.11 
62 Polyline 0   L-channel 14.07 
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63 Polyline 0   S-channel 3.115831 
64 Polyline 0   S-channel 3.487006 
65 Polyline 0   S-channel 9.271504 
66 Polyline 0   S-channel 11.17 
67 Polyline 0   S-channel 3.652622 
68 Polyline 0   S-channel 4.23697 
69 Polyline 0   S-channel 15.48 
70 Polyline 0   S-channel 16.19 
71 Polyline 0   S-channel 5.039103 
72 Polyline 0   S-channel 5.531614 
73 Polyline 0   S-channel 5.477175 
74 Polyline 0   S-channel 4.755606 
75 Polyline 0   S-channel 3.712103 
76 Polyline 0   S-channel 5.640907 
77 Polyline 0   S-channel 5.566247 
78 Polyline 0   S-channel 4.163028 
79 Polyline 0   S-channel 1.870895 
80 Polyline 0   S-channel 5.473388 
81 Polyline 0   S-channel 6.151878 
82 Polyline 0   S-channel 0.68639 
83 Polyline 0   S-channel 11.82 
84 Polyline 0   S-channel 15.5 
85 Polyline 0   S-channel 9.406889 
86 Polyline 0   S-channel 9.453133 
87 Polyline 0   S-channel 2.854689 
88 Polyline 0   S-channel 2.428556 
89 Polyline 0   L-channel 7.483618 
90 Polyline 0   S-channel 2.795017 
91 Polyline 0   S-channel 2.627156 
92 Polyline 0   S-channel 2.246458 
93 Polyline 0   S-channel 4.250194 
94 Polyline 0   S-channel 4.19668 
95 Polyline 0   S-channel 4.750298 
96 Polyline 0   S-channel 4.973222 
97 Polyline 0   S-channel 4.610059 
98 Polyline 0   S-channel 7.185775 
99 Polyline 0   S-channel 8.286307 
100 Polyline 0   S-channel 7.73857 
101 Polyline 0   S-channel 7.785095 
102 Polyline 0   S-channel 6.774557 
103 Polyline 0   S-channel 6.536454 
104 Polyline 0   S-channel 4.986393 
105 Polyline 0   S-channel 4.764273 
106 Polyline 0   S-channel 1.748254 
107 Polyline 0   S-channel 2.558589 
108 Polyline 0   S-channel 2.968835 
109 Polyline 0   S-channel 3.82529 
110 Polyline 0   S-channel 4.140189 
111 Polyline 0   S-channel 4.449521 
112 Polyline 0   S-channel 15.37 
113 Polyline 0   S-channel 7.055908 
114 Polyline 0   S-channel 9.141222 
115 Polyline 0   S-channel 4.496702 
116 Polyline 0   S-channel 4.240444 
117 Polyline 0   S-channel 7.635022 
118 Polyline 0   S-channel 7.32424 
119 Polyline 0   S-channel 6.472812 
120 Polyline 0   S-channel 5.071156 
121 Polyline 0   S-channel 6.286033 
122 Polyline 0   S-channel 5.305132 
123 Polyline 0   S-channel 3.701594 
124 Polyline 0   S-channel 3.712616 
125 Polyline 0   S-channel 4.461174 
126 Polyline 0   S-channel 4.98422 
127 Polyline 0   S-channel 3.714586 
128 Polyline 0   S-channel 4.215542 
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129 Polyline 0   L-channel 47.59 
130 Polyline 0   S-channel 18.51 
131 Polyline 0   L-channel 99.02 
132 Polyline 0   L-channel 96.56 
133 Polyline 0   L-channel 124.8 
134 Polyline 0   L-channel 126.5 
135 Polyline 0   S-channel 5.703544 
136 Polyline 0   S-channel 6.060437 
137 Polyline 0   S-channel 6.873928 
138 Polyline 0   S-channel 4.232526 
139 Polyline 0   S-channel 1.157358 
140 Polyline 0   S-channel 3.094438 
141 Polyline 0   S-channel 1.546815 
142 Polyline 0   S-channel 8.541398 
143 Polyline 0   S-channel 2.408828 
144 Polyline 0   S-channel 2.818792 
145 Polyline 0   S-channel 10.96 
146 Polyline 0   S-channel 12.09 
147 Polyline 0   S-channel 0.674559 
148 Polyline 0   S-channel 7.574858 
149 Polyline 0   S-channel 12.78 
150 Polyline 0   S-channel 7.80266 
151 Polyline 0   S-channel 3.888758 
152 Polyline 0   DS-channel 11.23 
153 Polyline 0   DS-channel 14.17 
154 Polyline 0   DS-channel 11.9 
155 Polyline 0   DS-channel 2.708532 
156 Polyline 0   DS-channel 2.645739 
157 Polyline 0   DS-channel 3.84708 
158 Polyline 0   DS-channel 3.39671 
159 Polyline 0   DS-channel 15.23 
160 Polyline 0   DS-channel 20.87 
161 Polyline 0   DS-channel 20.95 
162 Polyline 0   S-channel 0 
163 Polyline 0   S-channel 0 
164 Polyline 0   S-channel 0 
165 Polyline 0   S-channel 0 
166 Polyline 0   L-channel 0 
167 Polyline 0   S-channel 0 
168 Polyline 0   L-channel 0 
169 Polyline 0   L-channel 0 

 

Appendix 6 Attribute table for mapped channels 
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FID Shape * Id Certainity Area 
6 Polygon 0 Low 0.0056 
13 Polygon 0 Low 0.061096 
8 Polygon 0 High 0.110442 
17 Polygon 0 Low 0.15625 
16 Polygon 0 Low 0.246466 
12 Polygon 0 High 0.255558 
14 Polygon 0 Low 0.296596 
23 Polygon 0 Low 0.322053 
15 Polygon 0 Low 0.468415 
10 Polygon 0 High 0.469335 
21 Polygon 0 Low 0.58263 
2 Polygon 0 Low 0.612904 
22 Polygon 0 Low 0.615801 
19 Polygon 0 High 0.695008 
20 Polygon 0 Low 0.739964 
5 Polygon 0 Low 0.746417 
0 Polygon 0 High 0.771331 
4 Polygon 0 Low 0.872958 
1 Polygon 0 High 0.906601 
3 Polygon 0 Low 0.985385 
7 Polygon 0 Low 0.993457 
9 Polygon 0 High 1.116158 
18 Polygon 0 Low 1.554185 
11 Polygon 0 High 2.449173 

 
Appendix 7 Attribute table for mapped mud volcanoes 
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OBJECTID * Shape * Area Type Certainty Depth Location Symmetry_2 ORIG_FID Shape_Length Shape_Area 
26 Polygon 0.046833 Recent High 0.049 Sheeted drift Asymmetric 25 947.449668 71433.582583 
2 Polygon 0.05883 Recent High 0.008 AWC Diapir Symmetric 1 1186.986486 112119.637439 
40 Polygon 0.061298 Recent High 0.04 Sheeted drift Symmetric 39 1106.662882 97458.747051 
27 Polygon 0.069659 Recent High 0.042 Sheeted drift Symmetric 26 1072.924294 91606.922668 
37 Polygon 0.09898 Recent High 0.02 AWC Symmetric 36 1267.708185 127887.68463 
30 Polygon 0.113984 Recent High 0.027 AWC Asymmetric 29 1388.76176 153477.824678 
29 Polygon 0.128835 Recent High 0.026 AWC Asymmetric 28 1494.522945 177744.147596 
34 Polygon 0.153993 Recent High 0.033 AWC Asymmetric 33 1787.665494 254309.539106 
36 Polygon 0.157122 Recent High 0.016 AWC Symmetric 35 1716.09125 234353.201072 
39 Polygon 0.1636 Recent High 0.08 Sheeted drift Asymmetric 38 1751.478283 244117.91359 
41 Polygon 0.168933 Recent High 0.015 Sheeted drift Asymmetric 40 2027.136883 327006.426061 
33 Polygon 0.175886 Recent Low 0 AWC Asymmetric 32 1895.619893 285951.679225 
20 Polygon 0.176205 Recent High 0.019 AWC Asymmetric 19 1933.371604 297454.680756 
38 Polygon 0.193605 Recent Low 0 AWC Symmetric 37 1897.283181 286453.70885 
8 Polygon 0.229347 Paleo High 0.008 N-Diapir Asymmetric 7 2219.499849 392012.91532 
3 Polygon 0.23886 Recent High 0.025 Sheeted drift Asymmetric 2 2269.509842 409877.687196 
25 Polygon 0.254277 Recent High 0.016 Sheeted drift Asymmetric 24 2009.531997 321351.245411 
19 Polygon 0.278633 Recent High 0.027 AWC MV Symmetric 18 2177.275248 377239.19258 
35 Polygon 0.295405 Recent High 0.046 AWC Asymmetric 34 2235.916088 397833.305062 
28 Polygon 0.305901 Recent High 0.036 AWC Asymmetric 27 2334.922227 433845.37757 
43 Polygon 0.314638 Recent High 0.04 AWC Asymmetric 42 2469.455977 485280.357387 
15 Polygon 0.367027 Recent Low 0 AWC Asymmetric 14 2370.006142 446981.016506 
44 Polygon 0.370811 Recent High 0.035 AWC Asymmetric 43 3097.640548 763575.837326 
31 Polygon 0.400339 Recent Low 0 AWC Diapir Asymmetric 30 2919.142319 678110.819528 
7 Polygon 0.428796 Recent High 0.013 Sheeted drift Asymmetric 6 2719.461279 588512.775447 
4 Polygon 0.447394 Recent High 0.04 Sheeted drift Asymmetric 3 2909.199461 673499.275462 
12 Polygon 0.468985 Recent Low 0 AWC Diapir Asymmetric 11 3149.503043 789358.337354 
5 Polygon 0.470754 Recent High 0.009 N-Diapir Symmetric 4 2745.086461 599656.011376 
11 Polygon 0.496026 Recent Low 0 AWC Diapir Asymmetric 10 3544.572655 999810.979161 
16 Polygon 0.515532 Recent Low 0 AWC Diapir Asymmetric 15 3350.960408 893570.307474 
22 Polygon 0.516284 Recent Low 0 AWC Diapir Asymmetric 21 3141.885391 785544.539106 
9 Polygon 0.517772 Recent High 0.029 Sheeted drift Symmetric 8 2965.254903 699703.749632 
32 Polygon 0.601118 Paleo High 0.007 Sheeted drift Asymmetric 31 3213.824424 821929.238364 
17 Polygon 0.645392 Recent Low 0 AWC Diapir Asymmetric 16 3177.805428 803608.905714 
24 Polygon 0.652779 Recent High 0.025 AWC Diapir Asymmetric 23 3388.629584 913773.022661 
10 Polygon 0.770237 Recent Low 0 AWC MV Asymmetric 9 3728.771586 1106424.278421 
23 Polygon 0.799721 Recent High 0.04 AWC Diapir Asymmetric 22 3646.594374 1058193.406692 
42 Polygon 0.841513 Recent High 0.04 AWC Asymmetric 41 4048.913685 1304569.356623 
14 Polygon 0.842192 Recent Low 0 AWC Diapir Asymmetric 13 3648.259814 1059160.204814 
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1 Polygon 0.885185 Recent High 0.02 AWC Diapir Asymmetric 0 4324.562352 1488245.103634 
21 Polygon 0.899669 Recent Low 0 AWC Diapir Asymmetric 20 4716.960276 1770576.002443 
6 Polygon 1.501499 Recent High 0.04 AWC Diapir Asymmetric 5 5071.936655 2047093.964037 
18 Polygon 1.544661 Recent High 0.023 AWC Asymmetric 17 5361.535729 2287539.199249 
13 Polygon 1.858035 Recent High 0.049 AWC Diapir Asymmetric 12 5865.396388 2737693.789925 

Appendix 8 Table for mapped pockmarks Attribute
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Appendix C 
Core Description  

Several sections from the five IODP (U1386, U1387, U1388, U1389, and U1390) are selected 

for core description.  

 IODP 339  Section  Approximate depth(m)  
U1386 43X-44X 400-410 

8R-18R 420-520 
U1387 17R-33R 440-590 

31R 760-770 
U1388 20X-24X 180-230 

2R-3R 205-225 
U1389 38R-70 670-990 

  
U1390 33X-38X 295-350 

  
Appendix 9 Summary of core description sections  

U1386B 

43X 

There are about four sediment sequences which are bi-gradational, coarsening upward from the 

base to the middle and fining upward from the middle to the top. A couple of sequences were 

muddier than others. The muddier sequences have a Nano-fossil mud with shell fragments at 

the base, they grade into a calcareous silty mud with filled bioturbation and some clast back to 

Nano fossil mud at the top of the sequence. In this section, there are some other sequences 

which also show a bi-gradational trend but have relatively coarser sediments. A good example 

is U1386B 43x4-5. In this sequence, the gradation of sediment from base to top is as follows; 

Bioturbated Nano fossil mud, calcareous silty mud with some mud lenses, sandy silt with 

biogenic carbonates, biogenic silty sands with numerous shell fragments and calcareous silts, 

and lineated and bioturbated mud. Here, the bottom has mainly gradational contact, the 

percentage or thickness of muddy section is relatively higher than the silt or sandy parts. The 

muds are mostly a greenish grey biogenic colour.  

44X4 

At the base of this section is a sharp erosional contact and a fining upward sequence. At the 

bottom of the sequence is a biogenic carbonate sand and pebble sized sediments with numerous 

amounts of shale fragments which grade into laminated calcareous silty mud followed by 

biogenic mud with numerous vertical burrows/bioturbations. Above this section, the mud 

becomes more structureless and the colour changes from grey to a more greenish grey.  
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U1386C  

7R1  

In general, this section of the core has alternating bands of light and dark grey colour, the 

former is typically the coarser sediments and the latter the finer grained sediments. Shell 

fragments are fossils, bioturbations and burrows are noticeable all along this core section. 

Towards the top of this section (which starts below a major unconformity) the core (top section) 

is an alternation of thick beds of Nano fossil mud and medium to thick beds of silty mud with 

less erosive base consisting of several and similar layers stacked on top of each other. There 

are a few thick convoluted muds layers also observed in this section. Towards the base of the 

section, each of the layers stack on one another having an erosive contact at the base of a silty 

sand with biogenic carbonate grading into a silty mud and Nano-fossil. This section is referred 

to as reworked sequence.  

7R5 

Below the amalgamated layers of alternating sediments is a section of core greenish grey 

sediments from pebbly biogenic carbonate sand at the base grading into calcareous silty sand, 

calcareous sandy silt, calcareous silty mud and Nano Fossil mud. Below these are contorted 

strata of silty sand with angular mud clast and some soft sediment deformation. Wood 

fragments are present but no bioturbation.  This section   has a characteristic feature of a debrite. 

9R 

This section starts with a thick dark grey and green mud with numerous cross laminations. 

Interbedded with these mud layers are some calcareous silty mud, calcareous sand silt, 

calcareous silty sand, wood fragments and shell fragments. This section has characteristic 

features of a slump. 

10R-11R 

 Most of the section is greenish grey and very dark grey Nano fossil mud with intercalations of 

some thick and thin layers of grey calcareous silty mud. A fining upward trend is seen at the 

bottom of the core starting from gravel (with clear basal contact) via calcareous clear sand to 

calcareous silty sand and silty mud with bioturbation and shell fragment but in the muddy 

section there is no bioturbation.   There are a thick couple of continuous green and grey non-

bioturbated sections with Nano fossil mud beds. In addition, some sections in between show 

subtle fining upward from muddy silt to mud layers.   
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12R,13R 

The remainder core contains thin to medium interbedded coarse sand with biogenic carbonate 

and calcareous silty mud, the coarse sands contains several large shell fragments and some 

whole or nearly whole macrofossils like bivalves and gastropods. There are some convoluted 

beddings caused by folding of the interbedded muddy layer. The muddy layers in some parts 

are either massive or thin, local inclined or horizontal lamination. This section   has a 

characteristic feature of a debrite 

14R-17R 

Thick and medium layers of calcareous silty mud beds (probably hemi-pelagite) interbedded 

with thin to medium layers of a very coarse sand with numerous large shell fragments. Towards 

the bottom of this core section, there is a section with shelly coarse sand grading upwards into 

calcareous silty mud (probably turbidite). Some parts of this core were obscure due to splitting 

during core splitting. There is also convolutes and horizontal and inclined stratified layers 

observed locally throughout this section. Few bioturbations throughout core sections especially 

in the silty mud parts and   shell fragments are abundant within the silty sand sections. 

18R 

The sediments in this section are all l greenish grey to very dark greenish grey.  The calcareous 

silty mud is present as medium to thick beds, interbedded with a very thick bed of sandy silt to 

silty sand with biogenic carbonate with smaller sized shell fragments. Bioturbation is slight 

throughout this core. 

U1387  

18R, 19R  

The first part of this core is predominantly thick layers of greenish grey Nano fossil mud, but 

the main lithology are however some silty sand and silty mud interbedded within the thick mud 

layers. The second part has approximately three normal grading sequences, specifically silty 

sand layers fining upwards into silty mud each with sharp erosive base probably a turbidite. 

Below the turbidite section is another very thick layer of greenish–grey mud followed by a 

dolomite section. The remainder of the section is filled muddy burrows and dark brown or 

black, probably pyritic local bioturbation. Shell fragment is sparsely distributed and 

foraminifera local to the turbidite section and interbedded silty sections. 
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20R, 21R 

Very thick greenish grey Nano fossil mud (with local intense bioturbation towards the top) is 

the primary lithology in this section. A little section (~10cm) olive green dolomite at the top of 

this section probably part of a continuation of the dolomite layer in 19R. Throughout the core 

section, there are about 5 distinct normal grading sandy silt – mud sequences. At the base of 

each sequence there is a thin layer of sandy silt (~10-25cm) with sharp contact and sparse shell 

fragments which fines upwards into a thick layer (~150cm) of intensely bioturbated Nano fossil 

mud. Dark (pyritic?) burrows are also observed. From section 2 to section 4 of 21R- there is an 

uninterrupted muddy section (~400cm) which is followed by another couple of turbidite 

sequences. 

22R -25R 

Interbedding of the dominant medium-to-thick dark greenish grey Nano fossil mud 

(hemipelagite) and dark grey silty mud (top of turbidite) which grades is underlain by biogenic 

carbonate muddy silt. One of the silty mud bed (22R3) shown appears to be bi-gradational with 

abundant shell fragment. However, after these, 7 repeated normal grading sequences extend 

from silty sand with biogenic carbonate to silty mud and to Nano fossil mud (turbidite). These 

turbidites are overlain and separated by   very dark greenish grey sections (hemipelagite). 

Bioturbation is also sparse here, foraminifera and shell fragments visible throughout core 

section. Also   burrowing is abundant especially around the top of muddy section just before a 

lithologic contact (where there is clear colour change). 

26R,27R, 28R,29R,30R,31R 

 Thick Nano fossil mud subtly alternating between greenish grey and very dark greenish grey. 

The latter has less biogenic carbonate but more opaque and siliceous microfossils content than 

the former. There is an abundance of shell in the cc section The Nano fossils are interbedded 

with silty with biogenic carbonate.  Burrows occur in the muddy section while the shell 

fragment are locally present across core mainly in silty mud and muddy silt sections. Thin to 

medium beds of silty sand with biogenic carbonate in 27R Sections 1, 3, 5, and 6 and 28R 

section 2 shows fining upward sequence of A medium bed of coarse sand with biogenic 

carbonate in Section 2 and a medium bed of silty sand with biogenic carbonate in the Core 

Catcher show normal grading into overlying silty mud beds. Boundaries of these lithologies 

are generally gradational or bioturbated. Similar core type in 30R 

32R 
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Both greenish grey and very dark greenish grey Nano fossil mud is still dominant in these 

sections but about three thin to medium silty sand with sharp or irregular bases and abundant 

shell fragment is present. Bioturbation is minimal with local pyritic burrow and foram and shell 

fragment local but present.  

33R 

Greenish grey and very dark greenish grey Nano fossil mud is the main lithology in this section. 

However, there are about 5 thin to medium silty mud layers with irregular or sharp base and 

normal grading. Note that there is increased bioturbation and more abundant shelly fragment 

towards the base of each silty mud layer. Filled burrows on the other hand are more abundant 

toward the top of the muddy section. Faint to well-developed medium-scale cross and or 

horizontal laminae are present locally in some of the Nano fossil muds. 

34 R 

Several biogenic silty sand present within thick greenish grey to dark greenish grey Nano fossil 

mud. There are both cross and horizontal stratification within medium laminae to medium bed. 

The silty sand by muddy layer below section 2, 90 the layer is contorted including sediments 

structures like recumbent fold.  

51 R 

Muddy sediment with subtly change in colour from greenish grey to very greenish mud with 

occasional thin beds of silty sand overlain by silty mud. Burrows are either filled by silt /fine 

sand and the pyrite occur throughout most of this core. 

U1388 

B20 /21 

The greenish grey mud with dark grey bands (Nano fossil mud and mud with biogenic 

carbonate) is the most dominant lithology in this section, there is however in section 4-5 bi-

gradational change from Nano fossil mud, silty mud with biogenic carbonate silty sand and 

then silty mud. Thin beds of silty sand are interbedded probably in between thick sandy layers. 

Bioturbation intensity is sparse to absent. Shell fragments all over but mostly in sand section 

and pyritized filled burrow fills are also scattered throughout core 21, there is also normal 

grading of (base cut out contourite?) and the Nano fossil mud is also abundant. 
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B22, 23,24 

This section is dominantly dark greenish grey mud with biogenic carbonate. Calcareous silty 

mud form 3 medium beds while calcareous silty sand forms one medium bed in this section. 

Shell fragments and pyritic burrows throughout core.23 bi-gradational sequences are observed 

in this section … greyish-green and grey mud layer grading into silty mud and calcareous silty 

sand, silty mud and mud. A few shell fragments in the sandy section is muddy towards the 

bottom of this core section, their shell fragment is absent, and bioturbation are also sparse 

however, pyritised burrow are scattered throughout the core. 

C2 

Thick muddy section with several shades of grey coloured layers. Thin to medium layers of 

calcareous silty mud and calcareous silty sand. 

C3  

Greenish grey sandy silty Nano fossil mud with ooze represent but the most dominant lithology 

is thin to medium sized calcareous silty sand and calcareous silty mud layers in this section. 

Bioturbation is sparse, but shell fragments are present.  

C4 

Dark greenish grey sandy silt Nano fossil ooze is abundant with a layer of calcareous silty mud.  

U1389 

38R 

Calcareous mud is the dominant lithology. Bi-gradational sequences and some coarsening 

upward sequences grading from calcareous bioturbated greenish grey mud to greenish grey 

silty mud with numerous fossils and a couple of sand lenses   gradually grading into dark grey 

sandy mud with biogenic carbonate. Bioturbation intensity is slight. Shell fragments with 

numerous burrows are present locally. 

39R, 40R, 41R 

 This calcareous mud is the main lithology in this section. There are about 7 bi-gradational 

units across these sections. A repetition of calcareous mud greenish grey, changing into silty 

mud (with biogenic carbonate) with shell fragments and grey muddy silty sand. The contact 

between these lithologies are gradational. Bioturbation intensity is slight. Shell fragments and 

burrows are present locally. 
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42R-44R 

 All the sediments are greenish grey. The calcareous mud is most dominant. 8 thick beds with 

biogenic silty sands and numerous bioturbations are observed and these grades bi-gradationally 

into silty muds with slight bioturbation above and below. Shell fragments and pyritized 

burrows are present locally, particularly in sandy mud beds. Sandy mud beds are moderately 

disturbed due to rotary coring. A couple of fining upward sequences with gradational contact. 

45R 46R, 47R, 48R 

All dark greenish grey to very dark greenish grey Calcareous mud is the dominant lithology, 

interbedded with medium to thick beds of silty mud with biogenic carbonate and sandy mud 

with biogenic carbonate. In sandy intervals there are linear mud clast, shell fragments and 

drilling disturbance appears as fractures. Contacts between these lithologies are gradational. 

Bioturbation intensity is slight. Shell fragments are present locally. Small cracks which might 

be micro-faults are visible at Section 7, 10-60 cm. 

49R, 50R 

This core is predominantly dark greenish grey silty mud with biogenic carbonate, with medium 

interbeds of sandy mud with biogenic carbonate. Three bi-gradational sequences are present 

between Section 1, 29 cm and Section 2, 83 cm; these sequences coarsen upward from silty 

mud with biogenic carbonate to sandy mud with biogenic carbonate, and then fine upward to 

silty mud with biogenic carbonate. Contacts are gradational or bioturbated. Bioturbation in 

sand mire is vertical and filled bioturbation in muddy section mostly horizontal. The remainder 

of the core is dark greenish grey calcareous mud. Bioturbation intensity is slight throughout 

the core. Shell fragments are present locally. In 50R Core, disturbance is medium to high, the 

undisturbed part is small and Calcareous mud at Section 1, 0 - 30 cm overlies 40 cm of silty 

mud with biogenic carbonate. The remainder of the core is sandy mud with biogenic carbonate.  

51R, 52R 

The cores colour ranges from very dark greenish grey to dark greenish grey. This core is 

dominated by calcareous mud. At the top of the section the contacts are sharp however the beds 

thin towards the bottom, in between the calcareous mud was one very thick interbed of sandy 

mud with biogenic carbonate (Section 2, 123 cm to Section 3, 129 cm) and one very thick inter-

bed of silty mud with biogenic carbonate. Two bi-gradational sequences are present: Section 

1, 61 cm to Section 2, 126 cm, and Section 3, 91 cm to Section 4, 53 cm. These sequences 

coarsen up from calcareous mud to silty mud with biogenic carbonate, and then fine up to 
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calcareous mud. One bi-gradational sequence, at Section 6, 35 cm to Section 7, 43 cm, coarsens 

up from silty mud with biogenic carbonate to sandy mud with biogenic carbonate, and then 

fines up to silty mud with biogenic carbonate. Colour contacts are present in the calcareous 

mud, and gradational contacts bound the silty and sandy units. Shell fragments and pyritized 

burrows are present locally. For 52R, Calcareous mud is also the dominant lithology in this 

core. Contacts are gradational forming two very thick bi-gradational sequence. Bioturbation 

intensity is higher at contact. Shell fragments and pyritized burrows are also present locally. 

 

53R, 54R 

All dark greenish grey. Sandy mud with biogenic carbonate is the most abundant lithology in 

this core. A medium bed of calcareous mud and a medium bed of silty mud with biogenic 

carbonate and contacts are gradational. Bioturbation intensity is slight. Shell fragments and 

pyritized burrows are present locally. 

55R, 56R 

Dark greenish grey calcareous mud is the dominant lithology, core broken up. 

57R, 58R 

Dark greenish grey sediments and dark grey. This core contains thick to very medium - thick 

interbeds of mud with biogenic carbonate, calcareous mud, and silty mud with biogenic 

carbonate. Bioturbation intensity is slight. Shell fragments and burrows (occasionally 

pyritized) are distributed locally. Lithological boundaries are generally gradational except for 

one sharp contact in 57R.  

59R, 60R, 61R, 62R  

Dark greenish grey disturbed section with mainly Silty mud with biogenic carbonate followed 

by a thick section with slightly bioturbated calcareous mud.  

63R 

This core is dominated by calcareous mud and all dark greenish grey and grey layers. There 

sandy mud which shows bi-gradation into grey calcareous silty mud, grey calcareous mud and 

greenish grey highly bioturbated biogenic carbonate mud. Contact at the top of the core section 

is sharp but towards the top and the base is gradational. There is a fining upward core section 

in 63Rx4, and bioturbation intensity is slight. Shell fragments and pyritized burrows are present 

locally. 
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64R 

Calcareous mud is the most abundant lithology in this core, there is distinct colour change 

between the calcareous muds and the biogenic mud from grey to greenish grey respectively. 

Medium to very thick bed of silty mud with biogenic carbonate is present. Contacts are 

gradational. Bioturbation intensity is slight. Shell fragments and pyritized burrows are present 

locally. 

66R 

All the core is silty mud with biogenic carbonate. Shell fragments are present locally. 

67R 

Mainly calcareous mud to silty mud both dark greenish greys. This core is dominated by silty 

mud with biogenic carbonate with one medium bed of calcareous mud at Section 1, 0 - 41 cm. 

Contact is gradational. Bioturbation intensity is slight. Shell fragments are present locally. 

68R, 70R 

Slightly bioturbated calcareous silty mud at base overlain by slightly bioturbated silty mud with 

biogenic carbonate and at the top there was greenish grey slightly bioturbated calcareous mud.  
U1390  

33X 

Silty sand is the most abundant lithology in this section, the remainder of the core is sand and 

mud. The sediments in this section changed from dark grey continuous silty sand no 

bioturbation no shell fragment, to the light grey sand with biogenic carbonate (with sparse 

bioturbation) and finally greyish green mud with black spots probably pyritic burrows. The 

unit contains very large bi-gradational unit and about 3 normally graded units. The contacts are 

gradational and probably all contourite. 

34X 

Dominantly greyish sand with biogenic carbonate particularly towards the top. The remaining 

of the core shows fining upward sequence with gradational contact changing from greyish 

biogenic carbonate silty sand, to silty mud and grading into greenish grey mud with numerous 

pyritized vertical burrows and some sand clast. Bioturbation is sparse to slight. 

35X 

Normal grading of grey silty sand with biogenic carbonate and few shell fragments into 

calcareous greenish grey silty mud grading which is the dominant lithology. Five bi-gradational 

sequences are present in: Section 2, 30 - 110 cm; Section 2, 130 cm to Section 3, 20 cm; Section 

7, 20 - 50 cm; Section 7, 90 cm to Core Catcher, 10 cm; and Core Catcher, 10 - 35 cm. Basically 
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they first coarsen upward from calcareous mud to silty mud with biogenic carbonate and then 

fine up to calcareous mud. Contacts are gradational but can be defined by a colour change, also 

a couple of normal grading sequences with sharp contact are present in Section 1, 0 - 15 cm; 

Section 1, 94 cm to Section 2, 40 cm; and Section 4, 50 - 74 cm. Bioturbation intensity is sparse 

to slight. Shell fragments and pyritic black specks are present locally. 

36X-37X 

All sedimentary units range from light grey to dark grey. Calcareous mud is the most dominant 

lithology in these but has thin, medium and very thick beds interbeds of the other lithology like 

biogenic carbonate silty mud, biogenic carbonate sandy mud and silty sand with biogenic 

carbonate. Calcareous mud is the dominant lithology. One individual fining-up sequence is 

present at Section 1, 104 cm to Section 2, 52 cm. One bi-gradational sequence is present at 

Section 3, 75 cm to Section 4, 92 cm, coarsening up from calcareous mud to sandy mud to silty 

sand, and fining-up to sandy mud and calcareous mud. Two fining-up sequences are stacked at 

Section 6, 22 cm to the base of the core; the lower grades from silty sand to silty mud, and the 

upper grades from sandy mud to silty mud. The final part of this core is a very thick and large 

bi-gradational sequence followed by a disturbed core section. Contacts are gradational for bi-

gradational sequence but sharp for finning upward sequence. Pyritized burrows restricted to 

muddy sections and Shell fragments are present locally. 

38X 

 All dark greenish grey to reddish grey. Very thick beds of sandy mud with biogenic carbonate 

and two thin to thick interbeds of silty mud with biogenic carbonate form Section 1 to Section 

4, 145 cm. The remainder of the core is calcareous mud. Contacts are gradational. 
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Appendix D 
Detailed Grainsize Analysis 
 

 
Appendix 10 Sample statistics for a sandy contourite U1386B44X2W15 
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Appendix 11 Sample statistics for a muddy contourite U1386B44X2W15 
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Appendix 12 Sample statistics for a silty contourite U1386B43X5W15 
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Appendix 13 Sample statistics for a muddy turbidite U1386B44X4W25 
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Appendix 14 Sample statistics for a sandy turbidite U1386B44X4W125 
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 Appendix 15 Sample statistics for a reworked turbidite U1386C7R3W25 
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Appendix 16 Sample statistics for a Debrite U1386C12R4W17 
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Appendix 17 Sample statistics for a slump U1386C15R1W25 
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 Appendix 18 Individual Mean GZ for selected contourite from all wells U1386, U1387, U1388, U1389, U1390 calculated 
using Folk and wards methods (Phi) and plotted in linear scale 
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Appendix 19 Individual Mean GZ for selected contourite from all wells U1386, U1387, U1388, U1389, U1390 calculated 
using Folk and wards methods (Um) plotted in logarithmic scale 
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Appendix 20 Combined plot of sorting for IODP wells (U1386, U138, U1388, U1389, U1390), 
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Appendix 21 Individual sorting for selected contourite from all wells U1386, U1387, U1388, U1389, and U1390 calculated 
using Folk and wards methods (Um)  
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Appendix 22 Individual skewness for selected contourite from all wells U1386, U1387, U1388, U1389, and U1390 calculated 
using Folk and wards methods (Um)  
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Appendix 23 Individual kurtosis for selected contourite from all wells U1386, U1387, U1388 , U1389 , U1390 calculated 
using Folk and wards methods  (Um )  
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Appendix 24 Individual mean vs kurtosis for selected contourite  from all wells U1386,U1387,U1388 , U1389 , U1390 
calculated using Folk and wards methods  (Um )  
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Appendix 25 Individual   kurtosis vs skewness for selected contourite from all wells U1386, U1387, U1388 , U1389 , U1390 
calculated using Folk and wards methods  (Um) 

-0.800

-0.600

-0.400

-0.200

0.000

0.200

0.400

-0.500 0.500 1.500 2.500

Sk
ew

ne
ss

(S
KG

)

Kurtosis(KG)

SK Vs K  U1386

-0.800

-0.600

-0.400

-0.200

0.000

0.200

0.400

0.600

0.000 0.500 1.000 1.500 2.000 2.500

Sk
ew

ne
ss

(S
KG

 )

Kurtosis(KG)

SK Vs K U1387

-0.800

-0.600

-0.400

-0.200

0.000

0.200

0.400

0.600

-0.500 0.500 1.500 2.500

Sk
ew

ne
ss

(S
KG

)

Kurtosis(KG)

SK Vs K U1388

-0.800

-0.600

-0.400

-0.200

0.000

0.200

0.400

0.600

-0.500 0.500 1.500 2.500

Sk
ew

ne
ss

(S
KG

 )

Kurtosis(KG)

SK Vs K U1389 

-0.800

-0.600

-0.400

-0.200

0.000

0.200

0.400

0.600

-0.500 0.500 1.500 2.500

Sk
ew

ne
ss

(S
KG

)

Kurtosis(KG)

SK Vs K U1390



 

554 
 

ID  Certainty Polygon area(m)  Shape diameter (m) Shape area (m2) 

1 High 0.771331 4.040254273 1.29899516 

2 High 0.906601 4.530799958 1.63357813 

3 Low 0.612904 3.364872575 0.90100537 

4 Low 0.985385 4.388128208 1.53231747 

5 Low 0.872958 3.840902114 1.17396896 

6 Low 0.746417 3.549337366 1.00250073 

7 Low 0.0056 186.6102034 2771.15558 

8 Low 0.993457 4.69090618 1.75107049 

9 High 0.110442 1.603263256 0.20455016 

10 High 1.116158 4.234358433 1.42680746 

11 High 0.469335 2.72136552 0.58933725 

12 High 2.449173 7.157935164 4.07723418 

13 High 0.255558 2.215206741 0.39049787 

14 Low 0.061096 1.040038928 0.08607744 

15 Low 0.296596 2.703249838 0.58151712 

16 Low 0.468415 3.042442043 0.73660517 

17 Low 0.246466 2.279277649 0.41341345 

18 Low 0.15625 2.329537438 0.43184662 

19 Low 1.554185 6.312624808 3.17110112 

20 High 0.695008 3.847877711 1.17823701 

21 Low 0.739964 3.828291865 1.16627299 

22 Low 0.58263 3.149857691 0.78953612 

23 Low 0.615801 3.255765921 0.84352213 

24 Low 0.322053 2.379161943 0.45044124 

 

Appendix 26 Attribute table of mud volcanoe 
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