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Chapter 1

Introduction
In this introductory chapter, the nature and significance of seabed fluid flow and mud 
volcanism is addressed. The aim and outline, as well as the project framework of this work 
is explained.

3
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1.1. Seabed fluid flow and mud volcanoes 5

1.1 Seabed fluid flow and m ud volcanoes

The seabed is the interface between the oceanic and the sedim entary environment. Each of 
these environments is characterized by its own chemical and physical equilibria and dynamic 
processes or transitions between equilibria. The seabed hence represents the transition be
tween different sets of equilibria and processes.

Seabed fluid flow is a process in which fluids are transferred from the sedim entary to the 
oceanic environment, and vice versa (Judd and Hovland, 2007). The fluid itself also carries 
chemical com pounds, heat, etc. and therefore, seabed fluid flow also transfers chemicals and 
heat from one environment to the other environment. Seabed fluid flow can occur under 
different forms, e.g. as gas bubbles escaping from the sedim ents, as hydrotherm al fluids es
caping from mineralized chimneys at oceanic spreading axes, as fresh w ater escaping near 
shore from aquifers, as liquid m ud extruded from a m ud volcano crater,... Seabed fluid flow 
has consequences for geochemical, mineralogical and biological processes: e.g. convective 
transport can strongly enhance microbial activity in near-surface sediments due to the in
creased supply of electron donors. Some of these processes lead to formation of minerals 
which thus can be regarded as products of seabed fluid flow (e.g. authigenic carbonate crusts 
in sediments).

The drivers of seabed fluid flow are diverse. Most often, fluids escaping from the seafloor 
are related to subsurface tem perature, density and pressure differences, e.g. due to the ther
mal expansion of seawater in the warm  basalts of ocean ridges, due to the generation of gas in 
sediments, due to differential loading of a buried sedim ent body ,... Compaction of sediments 
increasing with burial depth leads to a decrease in pore volume and results in ascending fluid 
flow as well. Fluids can also enter the sedim entary environment, e.g. on a beach where sea
w ater is flushed into sands, or generated by a therm al or density-driven convective cell in the 
sediments. Depending on the driver, and many other environmental param eters, seabed fluid 
flow occurs in many modes: diffuse versus focused, slow versus fast, liquid versus gaseous,...

A specific type of (seabed) fluid flow comprises the process of m ud volcanism. M ud volca
noes are structures that are formed at the surface by extrusion of fluids, m ud and rock clasts 
of variable size. The extruded material is called m ud breccia and flows out of the crater. Be
fore extrusion, the m ud breccia has been transported upw ards from a source layer through a 
feeder pipe. The clay fraction of the m ud breccia is derived from liquefied, undercom pacted 
m uds of the source layer and clay deposits above the source layer. The rock clasts are de
rived from strata surrounding the feeder pipe. The nature and origin of the fluid phase is a 
combination of pore fluids from sedim ent compaction, biogenic m ethane from organic m atter 
decomposition, lateral fluid influx along permeable layers or fault planes, deep-sourced ther
mogenic methane and other hydrocarbons, hydrotherm al fluids, fluids from undercom pacted 
a n d /o r  overpressured layers (Kopf, 2002). The m ud breccia piles up as a more or less steep
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(mostly depending on fluid content and viscosity) elevated structure. More fluid m ud can 
form far-extending m ud flows around the m ud volcano body. M ud volcanoes can be classi
fied by their morphology (e.g. Kopf, 2002), discriminating flat, fluid examples (mud pies), typ
ical cone-shaped structures (mud volcanoes s.s.), rigid dom e-shaped structures (mud domes) 
or depressions in which m ud is rising (mud pools).

The geographic occurrence of m ud volcanoes is related to geological settings that favour 
the generation of undercom pacted or overpressured sedim entary strata. The process of over
pressure creation and its consequences will be discussed in chapters 6. Judd and Hovland 
(2007) give an extensive overview of the occurrence of seabed fluid flow in general, while 
Milkov (2000), Dimitrov (2002b) and Kopf (2002) give overviews of the occurrence of mud 
volcanoes.

Over 900 onshore and 800 offshore m ud volcanoes have been identified at this moment. 
Most of the m ud volcanoes occur in regions w ith active tectonic plate margins or where ac
cretionary wedges are being formed. A brief overview of the world-wide occurrence of mud 
volcanoes has to indicate the significance of m ud volcanism.

At the westernm ost end of the Alpine orogenic belt, the Gulf of Cadiz boast over 30 mud 
volcanoes on the lower slope. The first m ud volcanoes where discovered in 1999 (Gardner, 
1999, 2001). The m ud volcanoes are organized in different fields, depending on their location 
and geological setting. More information about this region is given in Chapter 2. On the 
other side of the Gibraltar Strait, in the Alboran Sea, different m ud volcanoes are known as 
well (Sautkin et al., 2003). The central part of the Adriatic Sea has different sites where seeps 
and m ud diapirs are present, as well as small m ud volcanoes (Hovland, 1989; Colantoni et al., 
1998; Curzi, 1998) together w ith cemented carbonate sediments. In Greece, m ud volcanoes are 
found associated to hydrotherm al venting (related to the Hellenic back-arc, on and around 
many of the Greek Islands, Dando et al. (1999)). Similarly, hydrotherm ally related mud volca
noes are observed on the south flank of the Etna volcano (Sicily). The M editerranean Ridge, 
an accretionary wedge in the eastern M editerranean, is known to feature m ud volcanoes since 
a few decades ((e.g. Kenyon et al., 1982; Limonov et al., 1996; Másele et al., 1999). The mud 
volcanoes form a long continuous belt, nam ed the "M editerranean Ridge m ud diapiric belt". 
Many of these m ud volcanoes are active. More recently, large-scale m ud volcanism, pock
marks and carbonate cemented sedim ent occurrences were discovered on the Nile Delta and 
Fan (Dupre et al., 2007). The Black Sea has high concentrations of methane in the deep w a
ters. At the seafloor, seeps, m ud volcanoes and gas hydrates are found w idespread on the 
continental shelf, slope and in deeper parts.

In Asia, m ud volcanism is known from the M akran coast (Iran-Pakistan) along with other 
seabed fluid flow features (e.g. Rad et al., 1996; Wiedicke et al., 2001) and India (Rao et al., 
2001). The South China Sea is known for w idespread m ud volcanism and other seabed 
fluid flow processes: offshore Brunei (Van Rensbergen and Morley, 2001), offshore Vietnam 
(Traynor and Sladen, 1997), Hong Kong and Taiwan (Chow et al., 2001). In southeast Asia,
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m ud volcanoes are known from the Banda Arc (Barber et al., 1986), and other fluid flow fea
tures in the Timor Sea. The H ikurangi margin, off New Zealand has ubiquitous gas hydrates 
(Lewis and Marshall, 1996; Pecher et al., 2003; Barnes et al., 2009; Klaucke et al., 2009; Jones 
et al., 2009) and gas seeps have been reported at different places.

One of the most studied m ud volcanoes (in terms of geology, geophysics, geochemistry, 
microbiology) is the Hâkon Mosby m ud volcano offshore N orway (Vogt et al., 1999). It is 
associated with the Senja fracture zone. The m ud volcano is rather small, although it is well 
known for its gas hydrate occurrence away from the m ud volcano center and microbial mats 
with different habitats depending on geochemical parameters.

Along the continental margin of Africa, m any seabed fluid flow features are known, in
cluding m ud volcanoes which have been observed on the Niger Delta and Fan where fluid 
escape is related to undercom pacted sediments, generation of gas and migration along lystric 
faults (Hovland et al., 1997).

In other parts of the world, including the Western Pacific, offshore Alaska, the west-coast 
of the USA, fluid flow processes are as w idespread as in the other regions. Specifically for 
m ud volcanism, Central America is a very active region, with Costa Rica, the Barbados area 
and the Gulf of Mexico in general.

1.2 Aim  and outline

The general goal of this work is to contribute to the study of the migration and expulsion of 
fluids. It was chosen to approach "fluid flow" from a m ultidisciplinary point of view and 
at different scales. The aim is to obtain an understanding of different fluid flow processes 
that mostly, but not exclusively, pertain to m ud volcanism. The processes looked at, include 
drivers of fluid flow (which are the cause of the fluid flow) and fluid flow effects (processes 
that arise as a consequence of the fluid flow). The fluid flow itself can happen at different 
scales, velocities and with different thermal or chemical properties. This variability can be 
seen as different modes of fluid flow. The study area on which will be focused, is the El 
Arraich m ud volcano field, on the Moroccan Atlantic continental margin, as a part of the Gulf 
of Cadiz.

The Gulf of Cadiz is characterized by an accretionary w edge type body west of Gibraltar. 
Above this complex geological structure, m any fluid expulsion related seabed features have 
been identified along the Iberian and Moroccan continental margin (Baraza and Ercilla, 1996; 
Gardner, 2001; Somoza et al., 2003; Pinheiro et al., 2003). The presence of methane in the m ud 
volcano sedim ents also gave evidence of recent activity (Mazurenko et al., 2003). Rock clasts 
in the sediments were used to build an offshore stratigraphy for a small part of the Gulf of 
Cadiz (Ovsyannikov et al., 2003). Flinch et al. (1996) indicated the presence of rotated blocks 
as parts of the accretionary w edge below the Moroccan continental margin. M ud volcanoes, 
found in the El Arraiche m ud volcano field, will be shown to largely coincide with the position
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of the crests of these rotated blocks. A first aim of this w ork is to describe the environm ent in 
which these m ud volcanoes occur and to evaluate the co-occurrence of these deep subseafloor 
structures, the m ud volcanoes and other fluid expulsion features at the seafloor.

At different sites in the Gulf of Cadiz, carbonate precipitates were observed and sampled 
(e.g. Diaz-del Rio et al., 2003; Akhmanov et al., 2003). These carbonate "crusts" and "chim
neys" all occur in areas of present or past fluid and gas emission at the seafloor; some of these 
are within m ud volcano craters. A second aim of this work is to describe these carbonate 
precipitates to unveil the nature and origin of the parental fluids that migrate tow ards the 
seafloor surface and identify the processes that lead to their formation.

Finally, to pu t the observations and results in a more general framework, different num eri
cal experiments will be done to evaluate the potential of different fluid flow drivers on seabed 
fluid flow, m ud volcano activity and the effects on thermal and geochemical processes.

Within the El Arraiche m ud volcano field, cold-water coral m ounds have been discovered. 
A lthough these features are not directly related to m ud volcanism, fluid migration may play 
a role in their genesis a n d /o r  evolution. Therefore, attention will be given to these structures 
within this work. The structure, nature, origin and growth of cold-water coral m ounds are 
a heavily studied and debated subject. The research on the NE Atlantic margins has cul
minated in the drilling of large cold-water coral m ounds offshore Ireland (Ferdelman et al., 
2006). New and unexpected observations have only fuelled the debate and has raised new 
questions. Within this work, it will be shown how a specific type of fluid flow can influence 
the internal diagenetic and geochemical environm ent in cold-water coral mounds. Due to the 
lack of detailed data derived from the study area, an excursion will be made to the Challenger 
M ound off southwest Ireland to illustrate the possible consequences of this fluid flow process.

1.3 Project framework

The work here presented frames in and has been supported by different (inter)national projects:

EC FP5 'Research and Training Network' EURODOM (2002-2005). Eurodom is a consortium of projects 
involved in the research of margin slope stability around Europe. Determining factors for slope 
instabilities, slope failure, fluid migration pathways and the occurrence of cold water coral reefs 
are main research subjects.

EC FP6 'Integrated Project' HERMES (2005-2009). HERMES brings together expertise in many fields 
of research in order to identify and explain relationships between biodiversity and ecosystem 
functioning. HERMES study sites extend from the Arctic to the Black Sea and include biodi
versity hotspots such as cold seeps, cold-water coral mounds and reefs, canyons and anoxic 
environments, and communities found on open slopes. These important systems require urgent 
study because of their possible biological fragility, unique genetic resources, global relevance to 
carbon cycling and susceptibility to global change and human impact.
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ESF EUROMARGINS MoundForce (2003-2006). The MoundForce project has started in response to 
the question about the origin and growth of deep water coral reefs. The goal is to determine a set 
of environmental conditions for their origin and growth. The hypotheses about the link between 
these structures and hydrocarbons was tested. Tectonic, sedimentological, oceanographic and 
biological studies were included in the project.

ESF EUROMARGINS MVSeis (2003-2006). The MVSeis project studies the crustal structure, the stratig
raphy and sediment dynamics, the tectonic setting and the detailed geometry of fluid migration 
pathways related to mud volcano activity in the Golf of Cadiz. Attention was given to the pos
sible relation to deep structures in the accretionary wedge structure and the location of mud 
volcano fields.

ESF EURODIVERSITY Microsystems (2006-2008). MICROSYSTEMS proposes to turn the Pen Duick 
mounds off Morocco, into a natural laboratory through the following actions and experiments: 
a) Biotope exploration and characterization of biodiversity through geophysical and video imag
ing, targeted microbiological profiling, evaluation of present and past oceanic conditions; b) 
Microbial diversity census and evaluation of the functional link microbes-metazoans through 
metazoan species analysis, biogeochemical and molecular fingerprinting, laboratory culturing, 
fauna-microbe interactions analysis, evaluation of microbially mediated processes of carbonate 
precipitation; and c) Assessment of the impact of biodiversity changes through the develop
ment of a reactor technology to simulate and assess the functionality of the micro-ecological 
niches and the impact of environmental changes.

FWO project GeNesis (2003-2008). The GeNesis project aims to explain the genesis of cold water coral 
reefs. Within this project, the technology of the Renard Centre of Marine Geology has been fur
ther developed, including high-resolution seismic methods and video-controlled seafloor sam
pling.





Chapter 2

Geological Background of the
Ibero-Maghrebian Domain

This chapter gives an overview of the geographic, oceanographic and geological background 
of the study area in the largest sense, i.e., the Gulf of Cadiz and the Betic-Rif Arc moun
tain belt. The chapter provides a regional framework and context for the observations, 
interpretations and discussions presented in the subsequent chapters.

The geomorphology of the Gulf of Cadiz, with canyon systems, lobe-shaped bodies on the 
seafloor, an arcuate mountain belt, hints a complex geological history.

The oceanography of the area has the same degree of complexity: the area is characterized 
by different water masses that well up, sink, branch or mix.

The geological appearance of the present-day is the work of geological forces during hun
dreds of millions of years. However, most of it was determined during the Atlantic rifting 
and spreading and the Alpine orogeny. A t present, a debate about different key elements 
in the Gulf of Cadiz geology persists...

11
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2.1 G eography

The large-scale study area comprises the Gulf of Cadiz, a part of the eastern Atlantic Ocean 
located between 9 - 6° W and 34 - 37° N (Fig. 2.1). The Gulf of Cadiz straddles the African- 
Eurasian continental boundary and connects to the M editerranean Sea through the Strait of 
Gibraltar. The shelf fringing the continents is about 30 - 40 km wide off Morocco and up to 50 
km off Spain. Further offshore, the seafloor gradually plunges westw ards to depths of about 
4000 m. Outside the Gulf of Cadiz, the Seine Abyssal Plain and Horseshoe Abyssal Plain 
reach depths of 5000 m and deeper.

Along the northern part of the shelf edge, off Spain and Portugal, multiple large canyon 
systems have developed. The central part of the Gulf features lobe-shaped topographies with 
irregular, strongly accidented surfaces, fault related linear features and singular circular to 
ellipsoid elevations. The geom orphology alone hints a complex geological structure and his
tory. The southern part of the Gulf of Cadiz is characterized by a large depression: the Rharb 
Valley Canyon.

One of the most striking features observed onshore is the presence of an orogenic belt 
that spans southern Spain and northern Morocco: the Betic-Rif Arc. A ltitudes of over 1000 
meter are reached only a few tens of kilometers onshore. N orth and south of the Betic-Rif Arc 
appear large plains: the Guadalquivir Basin in Spain, and the Rharb Basin in Morocco.

The Gulf of Cadiz has been an im portant trading area since the middle ages, and evidences 
of cultural influences in both directions. Major cities where this history can be found include 
Cadiz, Faro, Tanger, Rabat, along with many additional coastal cities and villages w ith rich 
histories of trading and fishery activities.

2.2 Oceanography

The oceanographic situation in the Gulf of Cadiz is relevant for understanding sedim entation 
patterns, the occurrence of sedim entation patterns, the erosion capacity of the currents, sea
w ater flow directions, etc. Some of these param eters will be useful further in this work. Here, 
an overview of the main oceanic currents in the Gulf of Cadiz will be given (Fig. 2.2).

One of the most im portant factors influencing the current patterns in the Gulf of Cadiz 
is the exchange of w aters w ith the M editerranean Sea through the Strait of Gibraltar (e.g., 
Villanueva and Gutierrezmas, 1994; Hernandez-M olina et al., 2006). The exchange consists of 
the warm  and highly saline M editerranean Outflow Water (or M editerranean Undercurrent) 
near the bottom, and the less saline and cooler Atlantic Inflow Water at the surface.

The Atlantic Inflow Water is derived from the N orth Atlantic Surface Water which in turn 
is related to the Gulf Stream: it is a branch that runs along the w estern coast of the Iberian 
peninsula towards the south and continues tow ards the Canary Islands. N ear Cape San Vi
cente, one branch of this current enters the Gulf of Cadiz and runs along the Iberian shelf



14 Geological Background of the Ibero-Maghrebian Domain

Figure 2.1: Geography o f the G ulf o f Cadiz area. See section 2.1
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tow ards the Strait of Gibraltar (Hernandez-M olina et al., 2006). Part of this current enters the 
Strait (the Atlantic Inflow Water), while another part runs further along the Moroccan margin 
and forms large eddies in the Gulf of Cadiz (Stevenson, 1977; Villanueva and Gutierrezmas, 
1994; Carton et al., 2002).

Below these surface waters, the M editerranean Outflow Water (MOW) enters the Gulf of 
Cadiz and splits into different branches: the M editerranean upper w ater (MU) runs along the 
upper Iberian slope up to Cape San Vicente; the M editerranean lower w ater (ML) is more 
saline and constitutes the principle part of the MOW. The ML is divided in different branches 
(the interm ediate branch, the principal branch and the southern branch). The intermediate 
branch moves northw estw ard, the principle branch is located south of the G uadalquivir Bank 
in the Guadalquivir Channel, the southern branch plunges steeply tow ards the southwest. In 
total, three large MOW pathw ays can be identified (Hernandez-M olina et al., 2006): tow ards 
the north along the Iberian margin, to the west from Cape San Vincente and to the southw est 
as far as the Canary Islands, and then to the west.

The N orth Atlantic Deep Water (NADW) is a cold southw ard flowing w ater mass that is 
generated in the northern Atlantic. A part of the MOW mixes with the NADW and flows 
further southw ards along the western part of the Atlantic Ocean.

Near-surface shoreward currents exist in the southern Gulf of Cadiz, being most intense 
during w inter and spring months, and recirculation runs southw ards as a jet (Machin et al., 
2006). Coastal upwelling of cold w ater in the southernm ost part of the Gulf of Cadiz is related 
to this current pattern. Pelegri et al. (2005) illustrate the coastal jet and upwelling north of the 
Cape Ghir region as well as further south, near the Canary Islands.

A part from the w arm  M editerranean Outflow Water, pulses of cool w ater originate in 
the Strait of Gibraltar due to tidally induced (La Violette and Lacombe, 1988) or wind in
duced (Folkard et al., 1997) upwelling; these cool w aters also flow along the Moroccan coast 
in southw ard direction.

In 2005, during the 'M oundForce 2004' cruise with RV Pelagia (Mienis et al., 2004), a strong 
semi-diurnal tidal current com ponent was observed in the El Arraiche study area. Current 
velocities up to 25 cm.s-1 were recorded.

2.3 G eology

The Gulf of Cadiz is located at the w esternm ost extension of the Alpine deformation front 
between Eurasia and Africa. The area is also part of the Atlantic Ocean, and therefore the 
rifting and spreading of this ocean, and the activity of related transform  faults have played a 
role in the shaping of the Gulf of Cadiz. Nowadays, the main features of the area include the 
presence of an orogenic belt (the Betic-Rif Chain) w ith large foreland basins (Guadalquivir 
and Rharb basins), the presence of an accretionary wedge-like body ('nappe prérifaine'), w ith 
some mass wasting features ('olistostrome of the Gulf of Cadiz'), and the possibility of past
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Figure 2.2: Oceanography o f the G ulf o f Cadiz area show ing the main current patterns in the 
area,  based on Villanueva and Gutierrezmas (1994); Carton et al. (2002); Pelegri et al. (2005); 
Hernandez-Molina et al. (2006). NASW : North Atlantic Surface Water; MOW: Mediterranean 
O utflow  Water; NAD W : North Atlantic Deep Water.

or present subduction processes under the Strait of Gibraltar. All of these elements together 
render a complex overall picture.

In this section an overview of the tectonic evolution of the area will be given, based on 
elements available in literature. The debate of the true nature of the Gulf of Cadiz will be 
addressed, as well as the large-scale stratigraphy.

2.3.1 R egional tectonic evo lu tion

The origin and evolution of the Atlantic Ocean and the convergence of the Eurasian and 
African continents are key items to understand the Gulf of Cadiz geology.

Seafloor spreading started in the Central Atlantic (bounded on the north side by the Gloria 
Transform Fault) around 180 million years ago (Ma) (Middle Jurassic) and som ew hat later, 
around 140 Ma (Lower Cretaceous), in the southernm ost part of the North Atlantic (Ziegler
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and van Hoorn, 1989) (Figure 2.3A,B,C). Rifting processes earlier in the Mesozoic were related 
to tensional stresses, while the actual break-up patterns were related to pre-existing Paleozoic 
fault zones (Pique and Laville, 1996) (Figure 2.3A). By early Jurassic times, the spreading of 
the w esternm ost Tethys (Figure 2.3B) had resulted in the separation of the northern African 
and Iberian margins, potentially extending up to the Gorringe Bank region (see M aldonado 
et al., 1999, and references therein).

The separation of Eurasia and N orth America initiated 118 Ma ago (Lower Cretaceous) 
north of the Azores-Gibraltar Fracture Zone (AGFZ) (Figure 2.3C,D). At this time, transform 
faults were active in the Gulf of Cadiz and a triple junction occurred in the vicinity of the 
Gorringe bank, separating N orth America, Africa and Iberia (M aldonado et al., 1999). During 
a long period (84 -  ~  40 Ma), Iberia was attached to Africa as spreading was more active in 
the northern N orth Atlantic. During the Late Cretaceous and earliest Tertiary, the crustal sep
aration had been achieved in all parts of the N orth Atlantic and the new continental margins 
became mostly inactive (Ziegler and van Hoorn, 1989), except for transform faults related to 
differential spreading at the oceanic axes. The progressive closing of oceanic basins in the 
central and western Tethys and the westw ard m ovem ent of the Alpine deform ation front into 
the w estern M editerranean area was caused by the northw ard drift of Africa. This process 
also changed the stress patterns in the whole Atlantic area (Figure 2.3E).

During Eocene-Oligocene times, the Pyrenean orogeny took place (collision of Iberia and 
Eurasia) and, according to Ziegler and van Hoorn (1989), the internal parts of the w estern 
M editerranean were em placed (Betic and Rif chain) yielding im portant shortening in the area. 
Between the mid-Oligocene and Late Miocene, about 200 km of shortening would have oc
curred in N-S direction in the Gulf of Cadiz and Alboran Sea (Dewey et al., 1989), followed 
by 50 km of NW -directed oblique convergence from Late Miocene until present.

During the Quaternary, uplift has occurred in the Gibraltar area, evidenced by exposed 
Pleistocene marine deposits; in the area of the Rharb basin however, subsidence has been 
observed (Cadet et al., 1977). The current-day general stress pattern shows N-S to NW-SE 
directed horizontal compression (Buforn et al., 1995), corresponding to the continued conver
gence of Africa and Eurasia.

2.3.2 Structure and stratigraphy

It was said in the introduction of this section that the overall structure of the Gulf of Cadiz 
area is complex. Therefore, it is appropriate to break up the description in a num ber of topics: 
onland structure and stratigraphy of the Betic-Rif orogen and foreland basins (Rharb and 
Guadalquivir), structure and stratigraphy of the offshore dom ain (the accretionary wedge, 
possible subduction and the mass w asting nappe or olistostrome), the presence and role of 
salt in the offshore dom ain and finally the presence of fluid m igration pathw ays and m ud 
volcanoes. From this topical break-up, it is already evident that the study of the region in
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the past has often been divided in tw o fields: the shore-based approach of classical structural 
geology and stratigraphy, in contrast to the offshore, mostly geophysical, approach. Both 
have led to different, even opposing understandings of the region. Most of this discussion 
concentrates on the nature of the plate convergence, ranging from different types of collision 
mechanisms to opposing directions of supposed ongoing subduction.

The Betic-Rif orogen and foreland basins (Rharb and Guadalquivir) The Betic-Rif orogen 
is the westernm ost part of the Alpine orogenic belt. It is discontinuous with the western 
Alps due to the opening of M editerranean basins (Durand-Delga, 1980). Michard et al. (2002) 
provides a very comprehensive review of the tectonic and structural history of the orogen 
and the Alboran Sea. They cite different models to explain the origin of the Betic-Rif orogen, 
divided in three categories:

• Models of collisional orogeny unrelated to any subduction zone;

• Models involving a single, NW -dipping subduction zone, extending from the Betic-Rif 
transect to the northern Apennines;

• Models involving a Cretaceous-Eocene, E-dipping subduction zone (Alpine subduc
tion), followed by an Oligocene-Neogene NW -dipping subduction (Maghrebide-Apenninic 
subduction) w ith a microcontinent in between.

However, Michard et al. (2002) recognize a composite orocline including a deformed, exotic 
terrane (the Alboran Terrane, part of the Alkapeca microcontinent before deformation; Fig
ures 2.4A and 2.5A) which was thrust onto two different plates (Iberia and Africa; for a recon
struction, see Platt et al. (2003)) and now form the most internal zones of the mountain chain. 
SE-dipping subduction of the Iberian margin (Early Cretaceous -  Eocene; Figures 2.4B and 
2.5B) is followed by Late Eocene -  Oligocène NW -dipping subduction of the African margin 
(Figures 2.4C and 2.5C). Tomographic inversion indeed shows the existence of high-velocity 
bodies in the upper mantle beneath the Rif and Alboran Sea region, although Seber et al. 
(1996) attribute this to a previously thickened and then delaminated lithosphere, rather than 
"simple subduction". As a result of this, the thickened Alboran Terrane undergoes rifting 
and collapse (Figures 2.4D and 2.5D). Towards the external parts of the orogen, an accre
tionary prism  is formed and thrust over the flexural foreland. Evidence of flexural extension 
in Morocco is found at the transition from the Rharb to Mamora Basin, a zone with Hercynian 
wrench-faults reactivated as normal faults, yielding large differences in thickness of sedim en
tary basin infill, and dates as syn- to post-thrust of the Rif nappes (Zouhri et al., 2002). In 
a later paper, Chalouan and Michard (2004) refine this model, mostly in terms of age con
straints, and define the area as a subduction-subduction-transform fault triple junction. This 
is achieved by the merging of the two subduction zones w est of the Alboran Terrane w ith the 
Azores-Gibraltar transform  fault.
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The units of the Betic-Rif chain are, as shown above, closely related to the geodynamic 
evolution, and include (e.g., Durand-Delga, 1972; Bouillin et al., 1986):

• the Internal Zones; compressional, overthrusted nappes consisting of Triassic (and older) 
basem ent and sedim entary rocks that have undergone m etam orphism  of Alpine origin; 
nappes of Paleozoic deposits partly covered by younger formations, not affected by 
metamorphism; Mesozoic metamorphic and Paleogene carbonate units; they represent 
a paleo-continental margin;

• the Flyschs or M edian Zones, consisting of three groups: Cretaceous-Paleogene arkosic 
sediments, fine-grained Aptian-Albian sedim ents and Oligocene-Early Miocene flysch 
deposits, covering older units;

• the External Zones: in the External Rif these are mainly Cretaceous formations, with 
similarities to the youngest flysch unit, and also gypsiferous Trias to Upper Miocene 
sediments; they are thought to be a palaeogeographic transition to the Atlasic domain; 
in the Subbetic the deposits of the Jurassic and Cretaceous are mainly carbonates.

Chalouan et al. (2001) elaborate somewhat more on the evolution of the External Zones. 
Until the Late Tortonian, contraction is ongoing in the External Zones (formation of the accre
tionary wedge). During the late Tortonian and early Pliocene, subsidence and mild extension 
occurs as a result of flexural bending of the N orth African margin, concurrent w ith gravi
tational collapse of the accretionary wedge (referred to as a tectonic-sedimentary prism  by 
Chalouan et al. (2001)). This happened not only in the western part of the Rif, bu t gravity 
driven nappes occur all around the Rif belt (Frizon de Lamotte, 1987). Crespo-Blanc and 
Frizon de Lamotte (2006) stress that the Betic and Rif external dom ains are, despite their ma
jor similarities, in fact very different: the thick-skinned structure in the External Rif versus 
the thin-skinned in the Subbetic domain. The stacking in the External Rif predates the stack
ing in the Subbetic; metam orphism  is only occurring in part of the External Rif. Later in the 
Pliocene, the External Zone and its foredeep are subject to contraction again, w ith creation of 
reverse faulting. It is caused, according to Chalouan et al. (2001), by the bending of subduct
ing slab a n d /o r  deep-seated mantle processes in the Alboran Sea. Flinch et al. (1996) show 
how ever that not all faults in the external Western Rif and Rharb Basin are related to thrust 
sheets, but rather to mixed extensional-compressional 'satellite' basins. This will be discussed 
within the offshore domain below. Also Cirac et al. (1993) noted that extension is still ongoing 
at present in the Rharb basin.

Structure and stratigraphy of the offshore domain (the accretionary wedge, possible sub
duction and the mass wasting nappe or olistostrome) The geodynamic evolution of the 
offshore dom ain is completely different from the onshore and Alboran domain. First of all, 
the origin is closely related to Atlantic rifting and spreading (see section 2.3.1). In the Gulf
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of Cadiz, the Azores-Gibraltar transform runs w estw ard to the Gorringe Bank (Tortella et al., 
1997) but is covered by a large allochtonous sedim entary body over a large area. O ther tran
sects, perpendicular to the Betic-Rif arcuate chain but more directed towards the Gulf of Cadiz 
(Chalouan and Michard, 2004; Cavazza et al., 2004; Crespo-Blanc and Frizon de Lamotte, 
2006), clearly show the accretionary w edge nature of this body. A seismic study of the crustal 
structure in the Gulf of Cadiz shows that its present configuration is the result of three main 
events (Gonzalez-Fermandez et al., 2001): extensional processes involving rifting and oceanic 
spreading from the Triassic breakup of Pangea until the Late Cretaceous; the relative w est
ward m ovem ent of the Alboran dom ain producing the Betic-Rif chain and its foreland basins 
and emplacement of the accretionary wedge; and finally, during the Tortonian, the formation 
of the chaotic mass wasting nappe in the Gulf of Cadiz. The resulting crustal thickness in the 
center and w esternm ost part of the Gulf of Cadiz is reported as about 20 km. In the northeast, 
the thickness is about 27 km. The crustal thinning is more pronounced in N-S direction than
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in E-W direction. Zeyen et al. (2005) give a more detailed model of the crustal structure based 
on gravity data. They report a crustal thickness of 30 km beneath the Iberian Peninsula to less 
than 23 km in the central part of the Gulf of Cadiz and then remains about 25 km in southern 
direction until the External Rif front, from where it increases to 38 km thickness beneath the 
northern border of the High Atlas. Zeyen et al. (2005) also report a lithospheric thickening 
under the Gulf of Cadiz, where the very thick lithospheric mantle, with the Moho at depths 
of 160 to 190 km, is interpreted as a consequence of a SW trending lithospheric slab extending 
from the Betics to the Gulf of Cadiz and the Gharb Basin. Such a subduction feature was not 
reported in onshore studies (see above) or other offshore studies. However, Gutscher et al.
(2002) also favour subduction in the Gulf of Cadiz, not SW trending but directed tow ards the 
Alboran Sea. According to these authors, this is the most simple explanation for the 'seem 
ingly contradictory observations from the complex Rif-Betic region'. Slab rollback tow ard the 
w est causes extension and subsidence in the Alboran Sea. They also attribute the 1755 earth
quake that destroyed Lisbon to this subduction, suggesting that the subduction is an ongoing 
process.

It can at least be said that consensus has more or less been reached about the nature and 
origin of the mass wasting body in the Gulf of Cadiz. The earliest reports date from the early 
1970s (Beck, 1972; M ulder, 1973) and one of the earliest datings of the event set the age to 
M iddle to Late Miocene (Auzende et al., 1981). Torelli et al. (1997) report the detailed first 
three-dimensional geom etry of the mass wasting body in the Gulf of Cadiz. They discrimi
nate a w estern part from an eastern part, identifying the former as a gravity deposit (debris 
flows, olistotromes) and the latter as a tectonic melange corresponding to the south-verging 
accretionary prism  as the subm arine extension of the Rif. O ther studies have revealed more 
details. The northern and central part of the Gulf of Cadiz can be divided in three main areas 
(Bonnin et al., 1975; Auzende et al., 1981; Maestro et al., 2003; M edialdea et al., 2004): a) the 
eastern dom ain corresponds to the offshore extension of the Betic-Rifean external front and is 
characterized by salt and shale nappes, later affected by extensional collapse. This structure 
is part of the pre-M essinian orogenic w edge and include the units of the Flysch Trough, the 
External Betics and Rifean areas and a diapiric zone consisting of Triassic salts and M iddle 
Miocene plastic clays and shales, b) The central dom ain between the Betic-Rifean front and 
the abyssal plain consists of allochtonous masses emplaced during the Tortonian (7.1 -  11.2 
Ma (million years)) by gravitational and tectonic instability, c) The w esternm ost dom ain cor
responds to the abyssal plains, where the toe of the allochtonous body is found. This dom ain 
is characterized by thrust faulting. Figures 2.6 and 2.7 illustrate this differentiation.

Only few sources discuss the structure of the NW  Moroccan offshore area. Flinch et al. 
(1996) interprets the overall structure of the SW Iberian and NW Moroccan margin as that of 
an accretionary prism, emplaced in response to a w estw ard motion of the Alboran dom ain 
during the Miocene (based on the timing of deformation) and assum es east-ward dipping 
subduction of norm al to transitional continental crust. These authors divide the sedim entary
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prism  in four tectonostratigraphic units: a) the Hercynian basement, consisting of metamor- 
phic and igneous Palaeozoic rocks, overlain unconformably by b) the Infra-Nappe, consisting 
of some Triassic shaly and evaporitic deposits in halfgrabens and Cretaceous to Lower and 
M iddle Miocene sedim ents, c) the Prerifaine N appe (the accretionary wedge) which consists 
of Triassic to Miocene sedim ents, bu t the stratigraphy is obscured by complex deformation, 
and d) the Supra-Nappe, seaward prograding U pper Miocene to Holocene siliciclastics.

Furtherm ore, Flinch et al. (1996) recognizes four structural dom ains in the NW Moroccan 
offshore area (figure 2.8): a) the offshore Tanger-Asilah fold and thrust belt: this is the most 
internal part of the accretionary wedge, with west-vergent folds and thrusts with NNW-SSE 
strikes (which is parallel to the axis of the Gibraltar Arc), b) The offshore Larache exten- 
sional zone: the w estw ard extending thrusts and folds from the offshore Tanger-Asilah fold 
and thrust belt are here transected by NW-SE trending SW -dipping low-angle lystric normal 
faults. The extensional basins are bounded by anastom ising lystric faults that sole out into 
a basal low-angle detachm ent which offsets the top of the accretionary wedge. The result is



2.3. Geology 25

I I
Upp*f JuratMc- I I ÜM Mgocwifr

-  Eârty Apttan I____I »oom »?

1 AJIochttionou* Unit of p  n  Ptloc*n*-Qutt*mar 
J t *  OuH of Cédö (AUGC) Upp* Tortoni**-

L *«g»r»  j  ( ¡ ¡S K * ™ »
• I Lami Tortonian

-  r  h  if, 
\ m :

f-s.l kmta)
Mtociuat

(I.M1 lui*)

1 Low*fCru»l 
J  (8 3*7.1 toi*)

Figure 2.7: Structure o f the G ulf o f Cadiz accretionary wedge /  allochtonous nappes, after 
Medialdea e t al. (2004). Location o f the profiles correspond to ’3a' and '3b' in figure 2.6.

the presence of extensional horses. E-W oriented sections show strongly rotated blocks on 
the hanging wall of the low-angle extensional detachments. The overlying sedim ents show 
significant growth. E-W oriented shale ridges are present in the central part of this area and 
are caused by shale w ithdraw al induced by extensional displacement, c) The offshore Rharb 
frontal imbricates -  an extensional-compressional zone: this is the frontal part of the accre
tionary complex located west of the Rharb basin and the northernm ost portion of the Rif 
foredeep. There is a combination of compressional and extensional elements, w ith NW-SE 
strikes, d) The foredeep, offshore Rabat, where the Infra-Nappe units plunge beneath the 
accretionary wedge. Some vertical faults are related to the flexural extension caused by the 
tectonic loading of the wedge.

The seismic stratigraphy of the Gulf of Cadiz is presented in detail by M aldonado et al. 
(1999). The basement of the Gulf of Cadiz is made up of Palaeozoic rocks derived from the 
Hercynian orogeny. The identification of the Mesozoic and lower Cenozoic units are based 
on wells and multi-channel seismics from the northernm ost part of the Gulf of Cadiz. These 
units are present in half-graben structures related to the Atlantic rifting and were affected 
by inversion during the Neogene compression. Triassic evaporites have acted as detachm ent 
planes (see above) for the formation of the Neogene mass wasting body. Two main Triassic
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units are present showing a typical Germanic-type facies: a lower siliciclastic unit and an 
upper evaporitic unit (salts, gypsum  and shallow w ater carbonates). The upper unit is the 
source of many diapiric structures. The Lower to M iddle Jurassic is represented by tilted 
blocks detached from the U pper Triassic unit and was part of the carbonate platform along 
the southern Iberian margin in the Tethys domain. The U pper Jurassic and Lower Creatceous 
unit is interpreted as a sequence of synrift carbonate fans, debris aprons and slope facies fill
ing the half-grabens. The m iddle Cretaceous has a strong seismic basal unconformity with 
variable seismic facies depending on the location. Silts and shales have been encountered 
in drill holes as well as polygenic conglomerates, indicating slope facies interbedded with 
footwall fans, grading upw ards into aggrading slope and basin deposits. The U pper Creta
ceous to upperm ost Eocene represents the final episode of an extensional and passive margin 
evolution. The unit is absent at many places. Upper Oligocene to Lower Miocene units are 
a prograding to aggrading carbonate shelf platform developed over the entire margin. The 
top of the unit is a regional unconformity that acted as paleoslope for the generation of the 
U pper Miocene turbidite system, while basinwards, it is found below the mid-Miocene mass 
wasting body.

The Neogene and Q uaternary are characterized by seven main stratigraphie units, dif
ferentiated on the basis of their relationship to the mass wasting body. Unit M l is the pre- 
olistotrome unit (Langhian-Serravalian and lower Tortonian). It is overlain by the olistostrome 
in a large part of the Gulf of Cadiz. The unit is generally progradational to aggradational and 
consists of marly clays, fine-grained limestones and green clays with pyrite and glauconite. 
The overpressured ductile marly clays may account for marl diapirism  that occurred in the 
central part of the Gulf of Cadiz. The syn-olistostrome unit M2 (upper Tortonian) is well 
recognized near the front of the olistostrome and on top of the olistostrome where small de
pressions are present. The unit consists of plastic grey clays with abundant glauconite and 
pyrite. The next unit is the olistostrome unit, which has a chaotic seismic facies. Internal 
angular unconformities are due to wedge-shape thrusting. O verthrusting occurred as well 
in the body. Backthrusting and extension is observed at the back of the olistostrome. It is 
believed that over- and backthrusting are coeval processes. The position of the olistostrome 
is governed by the previous morphology. Unit M3 (Messinian) covers the olistostrome and 
fills the lows in the relief. The lithology consists of clays and fine-grained sand lenses that are 
know n as gas fields in the northern Gulf of Cadiz.

The Lower Pliocene unit PI has a basin-wide erosional unconformity as a base. It has par
allel, continuous and high-am plitude reflections. The unit consists of hemipelagic clays with 
some interbedded sandy clay turbiditic deposits. In the deeper parts of the basins, deep-sea 
fans are present. The U pper Pliocene unit P2 has an aggradational to onlapping lower bound
ary, while the top is subhorizontal. The internal seismic facies is more transparent, w ith dis
continuous reflectors at the bottom, and with higher am plitude, interfingered reflectors at the 
top. The unit consists of hemipelagic clays, turbidite sands and current-drift deposits. The
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lower boundary of the U pper Pliocene - Quaternary (Unit P /Q ) is a basin-wide unconformity. 
The basal reflectors onlap and prograde basinwards. The facies and thickness variations are 
controlled by the structure of the margin, the sedim ent sources and the Plio-Quatemary eu- 
static sea-level fluctuations (see also Rodero et al., 1999). This is an interesting property since 
this could allow correlation with the data off NW Morocco. The M editerranean Outflow Wa
ter is responsible for the developm ent of drift deposits and erosional surfaces (Nelson et al., 
1999).

In the northern part of the Gulf of Cadiz (the Faro-Albufeira contourite system) Llave 
et al. (2001) identified two third-order eustatic cycles (QI, QII) in the Quaternary sedim entary 
record, consisting of eight fourth-order cycles. QI is an aggradational depositional sequence, 
while QII is a progradational depositional sequence. The boundary between both is inter
preted as being the sea-level fall of the Mid Pleistocene Revolution (MPR) around 900-920 ka 
(thousands of years) ago. The two last fourth-order sea-level cycles from the Late Pleistocene 
- Holocene (180 ka) were recognized on the shelf and slope off Cadiz, in the northeastern part 
of the Gulf of Cadiz (Somoza et al., 1997).

Flinch and Vail (1998) identified nine Pleistocene fourth order glacio-eustatic cycles in the 
sequence stratigraphie analysis on seismic data of the shelf and slope south off the Rharb 
(south of the EA field). The U pper Miocene units are described as anoxic pyrite bearing 
marls w ith occasional sand and siltstone beds. The Lower and Middle Pliocene units bear 
witness of continued pelagic sedimentation. The U pper Pliocene units bear evidence of a 
strong transgressive period, with a strong landward shift of the system. Hence this unit is 
not reported in the offshore. The Pleistocene is characterized by m ud dom inated prograding 
sequences, changing to an aggrading progradation in the Late Pleistocene. In the study area 
off Larache, data from one well (LAR-1) is present, which is reproduced by Flinch (1993). The 
well is located in the stratified U pper Miocene to Pleistocene sedim ents and only reports of 
lithology and Globorotalia biozones are given. The lithology corresponds largely to the above 
description. The Pleistocene has additional coquinas and sandstone levels, which could be 
turbiditic in origin.

Cirac et al. (1993) had recognized anticlinal structures w ith large radius curvatures and 
series of small normal faults on seismic data on the shelf off Larache to Kenitra. The folding 
structures have axes that ran  E-W and continue on land (e.g. the Laila Zohra anticline, south 
of Moulay Bou Selham). The normal faults break the anticlines up in steps, and w ith that, 
resemble structures on the northern edge of the Rharb Basin on land related to subsidence. 
Morley (1992) describes the structure of the onshore Larache-Acilah area. At this location, the 
thrust nappes transition to a chaotic melange below the post-nappe deposits offshore.

Fluid migration and mud volcanism  Fluid migration in continental margins and accre
tionary wedges is a process w ith importance for geohazards (slope stability, earthquake trig
gering, ...), geochemistry (redox processes, cementation and dissolution of m inerals,...), geother-
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mics (stability of subsurface gas hydrates), fossil energy (production, storage and leakage of 
hydrocarbons), etc...

The structural nature of the Gulf of Cadiz, w ith its plate boundaries, Betic-Rif orogen, 
accretionary w edge and mass wasting body evidently results in the high abundance of faults 
and fractures. Therefore, the hydrogeological situation of the area is difficult to study as a 
whole, yet different parts of it have been addressed in literature, although mostly related to 
m ud volcanism, hydrocarbon seepage at the seafloor and to slope stability.

M ud volcanoes in the Gulf of Cadiz were first discovered in 1999 (Gardner, 2000,2001) and 
by now, over 30 m ud volcanoes have been identified (Pinheiro et al., 2003; Somoza et al., 2003, 
e.g.). The G uadalquivir Diapiric Ridge (GDR) m ud volcano field and the Tasyo m ud volcano 
field are related to diapiric ridge developm ent and to lateral compressional stress generated 
at the front of thrust anticlines within the olistostrom e/accretionary wedge body (Somoza 
et al., 2003). The Deep Portuguese Margin (DPM) (Pinheiro et al., 2003) field is situated in the 
distal part of the olistostrome body at depths between 2 km and 3.2 km. So far, three m ud vol
canoes were identified in this field. The Spanish-Moroccan (SPM) field lies at depths between 
600 and 1200 meter w ithin the accretionary prism  but outside the olistostrome unit area. The 
El Arraiche (EA) m ud volcano field, offshore the city Larache, is the south-eastern continua
tion of the Spanish-Moroccan field (Van Rensbergen et al., 2005b). More recent studies have 
addressed the geochemical and microbial environm ent in these m ud volcanoes (Stadnitskaia 
et al., 2006; Niem ann et al., 2006; Hensen et al., 2007; Stadnitskaia et al., 2008). In chapter 4, 
m ud volcanoes will be discussed in more detail.

Other fluid escape related features, such as carbonate hardgrounds and carbonate chim
neys, were observed on many locations in the northern part Gulf of Cadiz (e.g., Diaz-del Rio 
et al., 2003; Somoza et al., 2003; Leon et al., 2006). Diaz-del Rio et al. (2003) were the first to 
report authigenic carbonates of ankerite, ferrous dolomite and calcite composition, associated 
with iron oxides. The carbon isotopic composition indicated mixed biogenic and thermogenic 
m ethane in parent fluid. The close association of dolomite micrite and iron oxides was inter
preted as indicative for the formation under the influence of anaerobic methane oxidation 
consortia (Boetius et al., 2000). Somoza et al. (2003) had reported chimneys with calcific and 
ferrous dolomitic composition, derived from the Hesperides m ud volcano (Iberian margin).

Lee and Baraza (1999) perform ed a geotechnical study of a part of the northern slope of 
the Gulf of Cadiz and concluded that the studied part is stable under static loading, but that 
seismic activity or storm  waves may cause destabilization resulting in slope failure. Further
more, the presence of gas and subsurface overpressure may increase the risk. M ulder et al.
(2003) conclude from geomorphological data that the entire upper slope area off southw est
ern Spain is an unstable contouritic levee, where sedim ent deformation and destabilization 
is not unlikely under tectonic activity. Earthquake activity is not uncommon in the Gulf of 
Cadiz (Fonseca, 2005).
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Salt deposits A last factor that could be im portant in this study, is the presence of salt in the 
subsurface. The buoyancy of salt leads to the formation of salt domes, diapirs and walls in 
the subsurface. These features typically pierce the overburden, can relate to fault structures 
and influence subsurface fluid flow. It can also act as a seal for hydrocarbon migration.

Maestro et al. (2003) and M edialdea et al. (2004) show the presence of salt and shale diapirs 
in the northern Gulf of Cadiz. The salt deposits date from the Triassic and M iddle Miocene 
and have played a key role in the large-scale slope failure (i.e., the creation of the mass wasting 
nappe). They show the presence of 'dow n-to-basin ' lystric grow th faults that merge into the 
top salt. The faults accommodate the gliding of the overburden along the salt a n d /o r  shale 
detachments. Further oceanwards, contractional structures are encountered, while transform 
faults connect the upslope extensional and dow nslope contractional features. Reports of salt 
on the upper slope off NW Morocco have not been found. In the past few years, gypsum  
crystals have been sam pled in the crater of Mercator m ud volcano (in the study area), together 
w ith anom alously high salt concentrations in pore w aters (Hensen et al., 2007). This gives an 
indication that salt sheets, walls or diapirs likely exist in the subsurface.

Flinch (1993) describes Triassic shales and evaporites intermixed with Upper Cretaceous 
marls, forming the 'm arnes à gypse' onshore Morocco, in the External Rif and Rharb basin. 
In the south-central Rif, Triassic breccia levels were found in wells, representing the basal de
tachm ent of mass wasting units, which could be equivalent, at least in function, to w hat Mae
stro et al. (2003) reports in the N orth of the Gulf of Cadiz. This shows that passive margin-type 
allochtonous (because of intermixed or brecciated nature) evaporites were emplaced before 
the N eogene compression and collapse.



Chapter 3

Methodology
As previously stated in the introduction, a multi-disciplinary approach is used to better 
understand fluid flow processes in sediments. Here, the different techniques used in this 
study will briefly be presented.

33
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3.1 G eophysical data

Visualizing the subsurface in a way relevant to stratigraphy and structures (Chapter 4) can 
be achieved by seismic reflection methods. These methods are based on emitting an acoustic 
pulse and recording the echo of that pulse. The acoustic pulse is reflected at geological sur
faces, e.g. stratigraphie (lithologie) boundaries. To be more precise, the reflection occurs at 
a surface where the acoustic impedance changes. The acoustic im pedance Z  [kg.m-2 .s-1 ] is 
defined as

Z  = p Vsed (3.1)

with p [kg.m-3] the density of the rock or sedim ent and v^d  [m.s-1 ] the acoustic velocity in 
that rock or sediment. So, a change in impedance can be caused by a change in density or 
acoustic velocity. After being reflected, the signal is recorded and processed to be ready for 
interpretation.

The acoustic source mainly used in this study is a multi-electrode sparker. With this tool, 
an acoustic pulse is created by an strong electric discharge (a spark), between the tips of the 
electrodes and a shielded mass. The waveform of the acoustic pulse is high-frequent and 
thus allows to make a high-resolution image of the subsurface. Alternative sources used 
comprised a sleeve air gun with lower output frequency than the sparker, as well as a chirp 
echosounder yielding a very high frequency (supplied by Ifremer, Brest, France). The record
ing was done w ith a single channel streamer, consisting of 4 groups of 2 hydrophones in a 
zero-offset configuration.

The incoming signals undergo electronic band-pass filtering to eliminate high-frequent 
noise and low-frequent ship and electrical noise. The data are recorded in Elies format in a 
Delph Seismic system (Triton Elies Inc.) and transform ed to the SEG-Y standard format. The 
post-processing of the seismic data recorded in 2002 was done on a Sun Ultra II Workstation 
(200 MHz UltraSparc-I processor, 256 MB RAM) with SunOS 5.6. Data acquired in 2005 and 
2007 were processed on a Dell Precision 360 (Intel Pentium 4 3GHz, 2 GB RAM) with Red Hat 
Linux (kernel 2.4.21-15EL). The data were processed in two steps. First a static signal shift was 
attributed to compensate for swell. Second, the actual signal processing was done to enhance 
the signal for interpretation purposes. This includes bandpass filtering, deconvolution and 
signal amplification. The detailed processing param eters are reproduced in Appendix A.

Other data used in the study include multibeam bathym etry and side scan sonar imagery. 
Multibeam bathymetric sounding is a technique used to produce a 3D elevation model of the 
seafloor. It is based on the emission and reception of acoustic pulses by an array of transduc
ers. It is capable of determ ining the depth of the seafloor under and sideways of the ship. 
Side scan sonar imagery is also an acoustic technique. It uses a tool that is tow ed a certain 
distance above the sea floor. It emits a signal and records the backscatter sideways. Because
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of the low elevation of the source, highs and lows in topography will reflect variable am ounts 
of acoustic energy, which leads to the creation of shadows. Besides this, sedim ent proper
ties can also affect the backscattered signal. The result is that the data retrieved can be used 
to identify morphologies on the seafloor, topographic features, and (near-)surface sedim en
tary properties. These data were available in processed form, so the processing will not be 
discussed.

3.2 M ineralogical and geochem ical m ethods

Different techniques were used for the investigation of authigenic carbonates (Chapter 5).
X-Ray Diffraction (XRD) analysis of selected samples was perform ed on bulk mill pow 

dered samples (0.2 -  0.5 cm3). XRD analysis was executed with a Philips PW 2236/20 with 
Co-Ka radiation (0.05 Á step size, 15 -  78 degree angles, operated at 45 kV, 30 mA). XRD 
analysis allows the identification of minerals present in the sample (qualitative).

The same pow ders (23 sub-samples) were used for bulk geochemical analysis. A part from 
deducing general trends in the data, the goal of these analyses was also to seek trends between 
variables within single specimens to assess w hether conclusions could be made about the 
grow th of carbonate crusts and chimneys.

Atomic absorption spectroscopy (AAS) m easurem ents were carried out on Varian AA6 
and AA-1475 atomic absorption spectrometers. 1 gram  of bulk material of each sample was 
dissolved using IN  HC1. The insoluble residue (IR) after sample preparation is reported in 
weight percent of the bulk sample. The elemental contents of Ca, Mg, Fe, AÍ are reported in 
weight percent of the soluble part (SP; equation 3.2). Mn, Sr, Na, K, Zn and Pb are reported in 
ppm  (of the soluble part).

SP =  (1 -  IR) * 100 (3.2)

This data presentation was chosen because of the large overall variation in IR content (9.51% - 
29.80%; Table 5.1), which variably affects the relative contents of elements in different samples 
and therefore makes the between-sample com parison of the elemental contents difficult. By 
normalizing all geochemical param eters to the soluble part, this effect is com pensated for. 
There were no strong correlations between K or AÍ and other variables; this could indicate 
that there is no significant co-elution of elements from non-carbonate components such as 
clays. The mole fractions are calculated based on the m ost abundant divalent ions only (Ca, 
Mg, Fe, Mn, Sr).

Stable carbon and oxygen isotope analysis was done on small sub-samples taken with a 
hand-held micro-drill. All data represent bulk analysis as individual cements are too small 
in volume to be sampled separately. The analyses were done at the University of Erlangen, 
Germany. Carbonate pow ders were first treated w ith 100% phosphoric acid (density <1 . 9
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g.cm 3, (Wachter and Hayes, 1985)) at 75 °C using a Kiel III on-line carbonate preparation 
line. The liberated C 02 gas was then analyzed with a ThermoFinnigan 252 mass spectrometer. 
The Sol II isotope standard was used. Reproducibility is better than ±0.13 %o for ál3C and 
±0.08 %o for <5180 . All reported numbers are relative to the V-PDB standard, except indicated 
otherwise.

Thin sections of crusts and chimneys were examined, using conventional transm itted light 
microscopy. Samples were im pregnated with blue epoxy to visualize the porosity distribu
tion. All thin sections were half stained with an Alizarin Red S -  potassium-ferricyanide 
mixture (Dickson, 1966) to reveal carbonate mineralogy and the presence of ferroan phases. 
For cathodoluminescence examination, an cold cathode luminescence instrum ent (K.U. Leu
ven) was used. Samples were studied for the existence of measurable fluid inclusions — 
unfortunately none were suited for analysis.

3.3 Num erical m ethods

3.3.1 The finite element method

Many physical processes can be expressed as (partial) differential equations (PDEs). These are 
equations that express the change of a m agnitude w ith respect to a certain variable, mostly 
spatial or temporal (e.g., Farlow, 1993). Solving these PDEs is a specific discipline of m ath
ematics. Designing an analytic solution for most PDEs is impossible — only for the most 
simple PDEs exact solutions are known. Therefore, PDEs are solved using numerical m eth
ods to obtain approximate solutions. The two most used m ethods for numerically solving 
PDEs are the finite difference m ethod (FDM) and finite element m ethod (FEM).

Both methods try to obtain solutions for the given PDE in discrete points (most commonly 
in space), instead of an analytical continuous solution. The collection of the discrete points 
is called a grid or mesh. There are very advanced m ethods for building meshes because the 
quality of the mesh is im portant for the quality of the final PDE solution. On the other hand, 
the resolution of the mesh is also limited by com puting power. For this work, the best com
puter available for solving PDEs was a machine w ith 4 Xeon processors at 2.4 GHz each and 
6 GB of high-speed Random Access Memory (RAM) available. During the work, all meshes 
were scaled so that all operations could be executed within the available memory space. This 
prevents sw apping operations between RAM and hard disk. Doing so, the resolution of the 
mesh was still sufficiently high to obtain smooth solutions.

Besides the governing PDEs, there are boundary conditions to be taken into consideration. 
The boundary conditions are those conditions that are imposed on the edges of the mesh. For 
instance, if the tem perature in the subsurface is modeled, an imposed boundary conditions 
could be the tem perature at the seafloor, or a constant heat flux as lower boundary.
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The finite element m ethod solves a set of PDEs by applying different steps. First, a mesh 
is created, consisting of a num ber of elements. Each element is bound by a num ber of nodes. 
Next, within each element, the solution of a PDE variable is approxim ated by a linear corn-

linear combination which are called shape functions. These shape functions are a function of 
the local coordinates. With this numerical discretization, referred to as the Galerkin method, 
the differentiation of the PDE variables is now transform ed into a differentiation of the shape 
functions. Equation 3.3 is back substituted in the governing PDE and leads to a formulation 
of the PDE in terms of the nodal values ua. This substitution also leads to an error, or the 
residual, since equation 3.3 was an approximation. However, the Galerkin w eighted residual 
method says that the w eighted average of this residual is required to vanish over the domain 
of the equation (e.g., Zienkiewicz et al., 2005). The residuals are multiplied with the shape 
functions and integrated over the domain and equalled to zero. Finally, the result is a set of 
linear algebraic equations: one equation for each element and variable. The form of this is

with [K] the matrix containing the coefficients of the linear combinations (the stiffness matrix), 
[u] the row matrix containing the unknow ns of each node, and [ƒ] the row matrix derived 
from the independent source terms of the original PDEs. Different approaches for solving the 
set of equations exist: direct (involving elimination and substitution) and iterative methods 
(involving the minimizing of a solution residual). Solver algorithm design constitutes an 
intense field of research in mathematics. The solution of this calculation yields a value for 
each param eter in each node; for each point in between the nodes, the linear combination 
(equation 3.3) — hence the PDE is numerically solved. For an in-depth description of the 
Finite Element Method, please refer to Smith and Griffiths (2004) and Zienkiewicz et al. (2005)

In this work, all PDEs are solved through this finite element method. Initially this choice 
was made because mathematically, the FEM approach is more exact than the FDM approach. 
In the FEM approach, the PDE solution is being approxim ated, while in the FDM method, the 
PDEs themselves are approxim ated which therefore already introduces an error before the 
solution step has started. The Finite Element M ethod therefore results in more robust quality 
of the the approximation between mesh points compared to the Finite Difference Method.

Initially, a self-written code was used to solve simple PDE problems, but as the problems 
became more complex, not only in terms of coupled equations, but mostly in size of the prob-

bination of the solutions of the variable at the element nodes. For an unknow n scalar u at a 
given position in the element, this is

(3.3)

where üa are the variables for each of the element nodes and N a are the coefficients of the

[*][«] =  Í/1 (3.4)
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lem (i.e. mesh resolution, requiring more adequate meshing and refining algorithms), the 
software package Comsol M ultiphysics1 was used.

3.3.2 Subsurface fluid flow modeling

The ability of fluids to flow through a porous material, e.g. pore waters through a sediment, 
can be described by Darcy's Law:

Q = - K A d±  (3.5)

with Q [m3.s-1 ] the total discharge of fluid through a cross-section, A [rrr]. ^  [dimension- 
less] is the hydraulic gradient which expresses the change in hydraulic head dh [m] over a 
distance dl [m]. Because a fluid flows from regions w ith a high hydraulic head to regions 
with a low hydraulic head, a negative sign is present in the equation. K  [m.s-1 ], the hy
draulic conductivity, expresses how fast a fluid can move through a porous material. The 
hydraulic conductivity is a material constant, bu t also depends on the fluid viscosity and the 
specific weight of the fluid, or

K  = ki-  (3.6)
M

where 7  [kg.m-2 .s-2 ] is the specific weight (7  =  pjg, w ith p¡ [kg.m-3] the fluid density and 
g [m.s-2 ] the gravitational acceleration), p [kg.m-1 .s-1 ] is the dynamic fluid viscosity and ki 
[m2 ] is the intrinsic permeability depending on the porous material alone.

The Darcian flux q [m.s- 1 ] is the discharge per unit area, or the am ount of fluid flowing 
through a unit cross-sectional area, and therefore

Q K dh
q = A = ~ K H  (3'7)

The hydraulic head, or total head h [m] is composed of the pressure head and elevation 
head. The pressure head hp [m] is derived from the pressure p [Pa] measured at a certain 
depth in a fluid column, or hp(z) =  p{z)/{pjg). The elevation head D(z) [m] is the elevation 
of a certain point above a certain reference level zq, or D(z) =  z — zq. In this work, calculations 
were done in function of pressure p  and in a two-dimensional framework and therefore the 
one-dimensional equation 3.7 is converted to

q =  — A'V Ï&  +
Pf9

(3.8)

'information available from http://www.comsol.com

http://www.comsol.com


40 Methodology

or with the datum  level set to zero, zo — 0,

'p(z)
q = - K V

V P  ¡ a
+ z (3.9)

Conservation of mass requires that the difference of mass (= fluid) inflow and outflow in 
any infinitesimal box equals the change in mass storage w ith time, or

^ | ^ + V ( p /9 ) =  0 (3.10)

w ith 0  the porosity (dimensionless). The first term  is an expression for the change in mass 
storage with time: the mass storage change can be achieved by altering the fluid density or 
porosity of the sediment. The fluid density change is related to the compressibility of the 
fluid, and the sedim ent porosity change is related to the compressibility of the solid matrix. 
The first term of equation 3.10 can be expanded (chain rule) as

d (S p f)  _ d 0  , ^ d p f
-  = P’ M  + e l W  (3'n>

The isothermal fluid compressibility ß  [Pa” 1] describes the decrease in volume with in
creasing pore fluid pressure, per unit volume, or the increase in density w ith increasing pres
sure, or

ß  =  -r—- which can be expanded as (3.12)
Vw dp pf dp
1 dt d

ß  = — ~ whi ch can be rearranged as (3.13)
pf dp dt

in which Vw [m3] is the fluid volume and t [s] the time.

The soil compressibility coefficient a  [Pa-1 ] (Bear, 1972) is defined as the decrease in vol
um e of the soil under increasing effective stress, or

a  = leading to (3.15)
Vb u(Je 

da e - 1  dVb
“ ¥  =  ñ ¥  (316>

with Vb [m3] the bulk volume, ae [Pa] the effective stress. Next, an im portant assum ption is 
that the solid volume Vs [m3] is constant, or Vs — (1 — 0)14 =  constant. Differentiating over 
time leads to
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which can be rearranged as a function that expresses that the bulk volum e change is solely 
due to porosity change:

' i i i  H  a e
- â t = Y ^ ë ~ â t  (318)

The compressibility of w ater at 25 °C is 4.4 x IO-10 Pa-1 and assum ed constant. Ranges 
of compressibility are compiled in table 3.1.

Combining equations 3.16 and 3.18 results in

dae - 1  d e
a s t  =  r ^ ë s t  (3 ,9 )

which expresses that an increase in effective stress will result in a decrease of porosity. Substi
tution of the total stress a, defined as the sum  of effective stress and pore pressure, a = ae + p, 
into the last equation gives

»K t- 1 ) <3-2°>
Because the total stress is constant, ^  =  0 and thus

f  =  a , i - e , g  (3 , i ,

Now the equations 3.9,3.14 and 3.21 can be used for substitutions in equation 3.10 (taking

Table 3.1: Range o f values o f compressibility

Compressibility, a  [Pa x] Source
Clay

X101¡o1O

a
Sand

OSI0rH1h-1o1—1 a
Gravel io -8 -  io -10 a
Plastic Clay 2 x IO“ 6 -  2.6 x IO-7 b
Stiff Clay 2.6 x IO"7 -  1.3 x IO“ 7 b
M edium -hard Clay 1.3 x IO’ 7 -  6.9 x IO“ 8 b
Loose Sand IO“ 7 -  5.2 x IO-8 b
Dense Sand 2 x IO-8 -  1.3 x IO '8 b
Dense, Sandy Gravel IO“ 8 -  5.2 x IO“9 b
Water at 25 °C 4.8 x IO"10 b
Water at 25 °C 4.4 x IO*10 a
a) Freeze and Cherry (1979)
b) Schwartz and Zhang (2003), modified after Domenico and Mifflin (1965)
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in account the expansion in equation 3.11), resulting in

Pf(a(i-e) + ß e ) ^ - v Pf 

and after rearrangements in

K V { -? -  + z) 
Pf9

= 0 (3.22)

dp
dt

—  {Vp + pf gS7z) 
Pf9

(3.23)

assuming that the solid volume does not change over time (a consequence of equation 3.17). 
Equation 3.23 will be the governing equation for tim e-dependent fluid flow in porous media, 
applied in the models further in this work. Ss [Pa-1 ] is the specific storage of the aquifer, here 
defined as2

Ss = q (1  - © )  +  /?© (3.24)

A simplification to equation 3.23 can be m ade in case a steady state (i.e. constant over 
time) situation is regarded. In such a case, pressure does not change over time, so the first 
term of the equation may be omitted, resulting in

K

Pf9
(Vp +  pgS/z) =  0 (3.25)

3.3.3 Turbulence modeling

The Navier-Stokes equations describe the flow of an incompressible Newtonian fluid (a fluid 
with constant density and with a linear stress -  strain rate curve, the proportionality constant 
being the viscosity) in terms of pressure and velocity. The equation in vector formulation 
expressed as forces, is written as

p j^  -  pV 2v +  p j \  • Vv +  Vp =  f (3.26)

with p [kg.m-3] the density of the fluid, v [m.s-1] the velocity vector, t [s] the time, p [Pa] 
the pressure, // [Pa.s] the dynamic viscosity of the fluid (assumed constant) and f [N] the 
body forces, e.g. the gravity force. In this equation, the first term expresses the unsteady 
acceleration, or the velocity change over time, the second term represents the viscous stresses 
in the fluid leading to a loss in m om entum , the third term is the convective acceleration, i.e. 
the velocity change in space, the fourth term  is the pressure gradient force, and the last term 
is any additional body force. An additional equation is the mass continuity equation, stating 
that no mass can be created or destroyed within a volume. Because we keep density as a

2Sometimes, the specific storage is defined as Ss =  7 (a ( l  — 0 )  +  /30) with 7  the specific weight of the fluid. 
However, here we use a different form as it is present in the Comsol Multiphysics software.
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constant, the mass continuity simplifies to a volume conservation equation, or

V • V =  0 (3.27)

A constant temperature is a necessary assum ption to let this be valid.
If turbulence appears in the flow, too much com putational effort is required to resolve the 

turbulence at all scales. At small scales, eddies in the current transport mom entum at random. 
To describe this, the m om entum  equations are averaged in time or space, which, depending 
on the model, adds new unknowns. In engineering and oceanography, an often used turbu
lence model is the K-Epsilon Turbulence model. In this model, in addition to velocity and 
pressure, the turbulent kinetic energy k [kg.m2.s-2 ] and the energy dissipation f [kg.m2.s-,!] 
appear as new variables. These new variables relate to the kinetic energy of the eddies that 
appear in the turbulent flow. The new set of equations is w ritten as

r)v k2
Pf-fo -  (P +  PfCii —  ) ^ 2y/ +  P /v ' Vv +  Vp =  f  (3.28)

V • V =  0 (3.29)
rib C  b2 i-2

Pf dt  ~ {p +  p f ^ ]T v2k  +  p / v  ‘ V A :  =  pf c »Y <?2w ~ pfe  ( 3 3 0 )

Be C  k 2 k  f 2
P f- -  (p +  ps ^ - ) - V 2e +  Pfw • Vfc =  P/Cel- V 2v -  P /Cf2-  (3.31)

The first equation is similar to the Navier Stokes equation (eq. 3.26), except that the viscous
stress term is now expanded with the turbulent viscosity term p / C ^ ,  which indicates that
mom entum is lost not only by the viscosity of the fluid itself, but also by the turbulence. 
The third and fourth equation are equations for the turbulence kinetic energy k and dissi
pation rate of the turbulence energy, c =  0.09. Cß, Ct \ =  1.44 ,Ct2 =  1.92 , cr*. =  0.9 and 
ae =  1.3 are experimentally defined constants. This model is valid for turbulent transport at 
high Reynolds numbers. For all details of the turbulence model, please refer to the Comsol 
Multiphysics software docum entation or see Wilcox (1998).

3.3.4 G e n e ra l t ra n sp o r t  e q u a tio n s

When a fluid is flowing, it can transport chemicals, heat, etc. There are two im portant trans
port means: advection and diffusion. Advective transport describes the movement of an item 
£ along with the flow of the fluid. The am ount transported thus depends on the am ount
present in the fluid itself (the concentration) and the fluid velocity, or, J c =  qui where J c 
[£.m~2.s-1 ] is a flux, [Ç.m-3 ] a concentration or density and u [m.s-1 ] the fluid velocity. 
Diffusive transport describes the movement of an item dow n the concentration gradient. It 
is unrelated to fluid flow, but occurs when the concentration of an item is higher at one lo
cation than at another. When such a situation occurs, transport will occur in the direction
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of the lowest concentration, until equilibrium has been established. The am ount transported 
through time thus depends on the concentration gradient and the capability of the item to 
diffuse through the fluid. This is w ritten as J d =  —DS7c$ where J d [£.m-2 .s-1 ] is a mass flux, 
D  [m2.s-1 ] the diffusivity of the medium, expressing the ease of diffusion and Vc^ [£.m-4] is 
the concentration gradient. The total mass flux of a certain quantity through the m edium  is 
the sum  J  =  J d + J c.

A general transport equation is a partial differential equation that describes transport phe
nomena, this includes advective and diffusive transport defined above, but also reactions or 
processes that destroy or create a given item, and changes in concentration of the item through 
time. The general form of the equation is

+ V • J ( t ,  x ,£  V £ ,...) =  K ( t ,x , 0  (3.32)

The first term expresses the change of a quantity £ through time. The second term is the 
divergence a flux. The flux can be a function of time, location, the quantity £ or its gradient 
V£. The last term is the reaction term and adds or removes the quantity

In the next sections, this general form will be adapted for heat transport and chemical 
transport.

3.3.4.1 Heat flow equations

In chapter 6, heat flow will be discussed. The heat flux is defined as the flow of energy through 
a unit area per unit time. Diffusive heat transport, or, more common, heat conduction, is 
described by Fourier's Law. It describes the heat conduction as proportional to the negative 
temperature gradient. The proportionality factor is know as the therm al conductivity of the 
material. Mathematically, this is expressed as

J cq  =  - k V T  (3.33)

with JCiq [W.m-2] the conductive heat flux, k [W.m-1 .K-1 ] the therm al conductivity, and VT 
[K.m-1 ] the temperature gradient. The heat flux caused by advection, is defined by the flow 
velocity and the tem perature of the flowing m edium , or

Ja,q =  T v (3.34)

with Ja q [W.m-2 ] the advective heat flux, T  [K] the tem perature of the fluid and v the velocity 
of the fluid [m.s-1 ].

When these flux equations are substituted in equation 3.32 and the assum ption is made 
that no heat is created (e.g. radiogenically) which leads to 1Z = 0, then the governing heat
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flow equation describing the tem perature change in a body over time, is obtained, or

C \rri

—  =  -fcV 2T +  TV  • V (3.35)
at

3.3.4.2 Chemical transport and reaction equations

Chemical transport or mass transport describes the transport phenom ena of chemical com
pounds in a medium. In this work, the transport and reaction of methane and sulfate will 
be used to simulate the depth at which methane oxidation coupled to sulfate reduction could 
occur (see Chapters 6 and 7). The goal of this is to simulate at which depth the process of 
microbially mediated anaerobic oxidation of m ethane (AOM) could occur (Hinrichs et al., 
1999).

According to the equations in section 3.3.4, the diffusive and advective flux of methane 
resp. sulfate will be

Jd,Cñt = - £ > c h 4 V[CH4] , resp. J d<so4 =  -£>so4 V [S04] (3.36)

Jc,cn4 = [C H 4]v ,resp. J c,so4 =  [S04]v (3.37)

w ith [S04] resp. [CH J the concentration of sulfate resp. m ethane [mol.m 3], D so, resp. Dch4 
their respective diffusivities. With these equations substituted into equation 3.32, we obtain 
the governing equations for the chemical transport and reaction.

The governing steady state equations will be, assum ing constant diffusivities for methane 
and sulfate,

- D c h 4V 2 [CH4] =  ä - v V [ C H 4] (3.38)

-£>so4V2[S04] =  R  -  V • V [S04] (3.39)

V is moved outside the divergence operator because of mass conservation or continuity

V • (pv) = 0 (3.40)

The diffusivities are kept constant in the model, therefore they also appear in front of the
Laplacian operator. R  symbolizes the reaction of CH4 and S 0 4, defined as

R  =  —CV[S04][CH4] (3.41)

with Cr a reaction constant which controls the w idth of the potential reaction zone, the over
lap of sulfate and methane profiles. In the models, it is typically chosen to generate a narrow
reaction zone, however wide enough to prevent numerical instabilities. A second order reac
tion equation will thus define a depth range where reaction is taken place. The reactivity will
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be zero where any of the concentrations of both reactants is zero; it will be small where both 
concentrations are small bu t non-zero; a maximum will exist in between. This simulates the 
natural requirement that both reactants are present. A lthough the situation in nature is much 
more complex than this, a second-order reaction as model approach is closer to reality than 
first-order or zero-order reaction equations that were used in older studies.

Finally, the governing equations in case of transient models will be

-  T > c h 4 V 2[CH4] =  R  — y  • V[CH4] (3.42)

® ^ - £ > so4V 2[S04] =  ä - v -V [S04] 0-43)
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Evidence for past 
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Chapter 4

Geophysical evidence of fluid flow: 
the El Arraiche mud volcano field

The goal of this chapter is to (1) provide a seismostratigraphic and shallow structural 
framework of the study area and (2) provide geophysical evidence for active of past fluid  
flow, mainly by identifying the past mud volcano activity periods based on the recognition 
of large mud flows.
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4.1 Surface and shallow  subsurface structures of the El Arraiche 

mud volcano field

4.1.1 Surface structure

The surface m orphology and structure of the El Arraiche m ud volcano (MV) field is best 
described with multibeam bathymetric data and side-scan sonar data. A map based on 
multibeam data, shown in figure 4.1, gives an overview of the main seafloor structures. The 
most prom inent features are the large circular structures that rise 25 to 250 meters above the 
seafloor. The m uddy sedim ents containing brecciated clasts and retrieved from the center 
area of these structures, were interpreted as m ud volcanic m ud breccia, transported from 
deeper units (Ovsyannikov et al., 2003) tow ards the surface. The sedim ent samples often con
tain large am ounts of gas. Therefore, it was concluded that these seafloor structures are mud 
volcanoes (Kenyon et al., 1999, 2000, 2003).

The largest m ud volcano is Al Idrisi1 MV. The structure covers an area of more than 20 
km 2 and is about 250 meter high. It is one of the largest know n subm arine m ud volcanoes in 
the world. Down the slope, some smaller m ud volcanoes are present: M ercator2 MV, Fiúza3 
MV, Gemini4 MV, Kidd5 MV and A dam astor6 MV. The smallest mud volcanoes are Lazarillo 
de Tormes7 MV and Don Quichote8 MV.

The AÍ Idrisi m ud volcano (Figure 4.2) covers an area of 23.6 km 2. The deepest point, in 
the northern moat, is situated 440 m below sea level (bsl) and the highest point is located at 
197 m bsl. The diam eter of the structure is 4.5 to 6 km. The slopes of the m ud volcano flanks 
range between 4 and 10 degrees. At the surface of the m ud volcano, m ultiple individual m ud 
flows can be identified. These m udflows run radially from the crater edge dow n the slope and 
end near or in the moat as a lobe shaped body. The crater of the m ud volcano has a diam eter 
of 1.35 km. Inside the crater, a small m ud dom e structure is present.

The Mercator MV (Figure 4.3) is located on the south slope of a NW-SE trending ridge 
structure (Vernadsky9 Ridge). The m ud volcano is 140 m high at its south side, and only 50

'Abu Abd Allah Muhammad al-Idrisi, 1100-1166, Moroccan cartographer.
2Gerardus Mercator, 1512-1594, Flemish cartographer.
3 Armando Fiúza, 1938-2001, Portuguese oceanographer.
4The name of this mud volcano reflects the presence of two craters.
5Robert Kidd, 1947 - 1996, British marine geoscientist.
6Adamastor is a mythological character in the poem "Os Lusiadas" by the Portuguese poet Luis Vaz de 

Camoes (1524-1580). Adamastor represents the natural forces the Portuguese navigators have to fight.
7"The life of Lazarillo de Tormes and of his fortunes and adversities" is a 16th century novella by an anony

mous author about the main characters rising from poverty. It was banned in Spain, until a censored version was 
allowed in 1574. The version that circulated in Europe was the Antwerp version (1557).

8Don Quichote is the main character from the novel "El ingenioso hidalgo don Quijote de la Mancha" written 
by the Spanish author Miguel de Cervantes Saavedra. The name is given to the mud volcano to symbolize its 
small size in comparison to the surrounding 'giant' mud volcanoes, in analogy to Don Quichote fighting the 
windmills which he believes are cruel giants.

'Vladimir Ivanovich Vernadsky, 1863 - 1945, Soviet mineralogist and geochemist. Vernadsky's best known
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Figure 4.1: Bathymetric m ap o f the El Arraiche m u d  volcano field with names o f the main fea
tures. DQ = Don Quichote MV, LdT  = Lazarillo de Tormes MV, PDE -  Pen Duick Escarpment, 
CC = Conger Cliff, A I Ridge = AÍ Idrisi Ridge.

meter at its north side. The structure covers about 5 km 2. The deepest point of the moat is 
about 490 m bsl, while the top is situated at a depth of 350 m bsl. The diam eter of the structure 
is 2.5 km at the base. The top consists of a dom e structure of about 1 km diameter; no crater is 
observed. The flank morphology of the m ud volcano displays a stepped terrace shape. This is 
also observed on the side-scan sonar data. On the w est side, a large m ud flow lobe runs dow n 
to a large crescent shaped moat. This moat is about 20 m deep and encircles the m ud volcano 
at the east and south side. The side-scan sonar illustrates the presence of many lobe-shaped 
featurs around the center of the m ud volcano.

work is "Biosfera" in which he pioneers the view  that life is the most important geological force shaping the 
earth. He is deemed founding father of geochemistry, geobiology and other interdisciplinary geosciences.
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Figure 4.2: Bathym etry and surface m orphology o f A Í Idrisi m u d  volcano, a) multibeam  
bathym etry show ing the crater depression with dom e inside it, large crescent moats on north  
and south side, and lobe structures on the Banks, b) Side-scan sonar im agery show ing featur
ing highly refíective m ud  lobes on the north slope.
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Figure 4.3: Bathym etry and surface m orphology o f Mercator m u d  volcano, a) multibeam  
bathym etry show ing the stepped terrace m orphology and central dome, b) side-scan sonar 
image show ing a high num ber o f m ud  lobes around the central dome.
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Further northw est, also situated on the Vernadsky Ridge, a second m ud volcano is present. 
The Kidd MV (Figure 4.4), about 4 km 2 in surface area, is situated on the north flank of the 
ridge and is asymmetrical in shape, just like the Mercator m ud volcano. Its south side is only 
60 m high, while at the south side, the height from top to moat is about 180 meter. The bathy
metric m orphology does not reveal much of its surface structure, although some individual 
lobes can be identified which could be large m ud flows.

35°27' 35°27'

possible 
rnud lobes

35°26' ^ 35°26'

35°25' 35°25'

35°24' 35°24'
-6°45' -6°44' -6°43' -6°45' -6°44' -6°43'

(a) (b)

Figure 4.4: Bathym etry and surface m orphology o f Kidd MV. a) multibeam bathymetry, b) 
side-scan sonar image.

South of the Kidd m ud volcano and unrelated to any ridge structure, the A dam astor mud 
volcano is found (Figure 4.5). The surface it occupies is about 5 km 2. It is surrounded by a 
small crescent shaped moat w ith a depth  of about 20 m at the northw est side. At the south
w est side, a very deep moat is present, although this m oat is rather related to the ridge struc
ture further south (Renard10 Ridge). A dam astor m ud volcano is about 160 m high and has a

10Alphonse-François Renard, 1842-1903, Belgian mineralogist and petrographer. He was professor of geology  
at Ghent University as of 1888 and co-author of the "Report on Deepsea Deposits" (1891) after the first Antarctica 
expedition of H.M.S. Challenger, known for the first description of manganese and phosphate nodules.
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conical shape. Surface detail is scarce both on bathymetric and side-scan sonar data; only on 
the bathymetry, on the northw est side a lobe structure hinting a m ud flow structure is present. 
A crater is not present at the top of the m ud volcano.

35‘21’   35'21'  i—1------ 1-------■-----1------ i----------------------
- 6 ‘47' - 6 ‘46' - 6 ‘45' - 6 ‘44' -6 '47 ' -6*46' -6 '45 ' -6*44'

(a) (b)

Figure 4.5: Bathym etry and surface m orphology o f Adam astor MV. a) multibeam bathymetry, 
b) side-scan sonar image.

A  large ridge trending NW-SE is found further south: Renard Ridge (Figure 4.6). There are 
several m ud volcanoes associated to this ridge. At the eastern side, the Fiúza m ud volcano is 
found at a depth of 520 m bsl and the top is situated at 390 m bsl. A horse-shoe shaped moat 
structure of 20 to 40 m deep is found on the north, w est and south side of the m ud volcano. A 
crater is not present on the top, bu t on the flanks, several lobe shaped bodies running from top 
to moat are seen and are interpreted as large m ud flows. The slope angle varies between 6 and 
10 degrees. On the northw est side of the m ud volcano, the moat w idens in a small depression 
and continues in a small moat south of an elongate structure standing out of the surrounding 
seafloor about 60 m. The structure has no characteristic surface features except for the high 
reflectivity in the sonar data. From seismic data (see further, section 4.1.2) it appears however 
that this is a m ud volcano. To the west, some smaller structures are present, with similar high 
reflectivity.

Gemini m ud volcano is built up of two individual cones w ithout any crater. On the north, 
west and south sides of the m ud volcano, deep moats have developed. The northern moat 
seems to be situated between two converging arcuate ridge crests and may therefore, at least 
partly, be structurally controlled. The two cones both top at a w ater depth  of 423 m. The 
west eone is higher however, due to the occurrence of the m oat on the w est side. The height 
ranges, depending on where it is measured, between 170-250 (west eone) and 117-169 m (east 
eone). The surface area of the complete structure is 11.1 km 2. The slopes of the cones are less 
steep than the other craters, varying between 2 and 4°.

Lazarillo de Tormes m ud volcano is a small structure (surface area 0.5 km 2) of 40 m high.
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Figure 4.6: The Pen Duick Escarpment, Gemini m u d  volcano and Fiúza m u d  volcano, a) multibeam  bathymetry, b) side-scan sonar 
image.
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It has a small crater depression in the center. No other surface features can be discerned.

Im portant structural features of the area are two 30 km long ridges that run from NW to 
SE. The ridges stand out up to 150 m high with respect to the surrounding seafloor and are 5 
to 10 km wide. The top of the ridges plunge tow ards the NW.

The northern ridge is the Vernadsky Ridge (Figure 4.7). On the w esternm ost part of the 
data, small hill-like structures are present, with diam eters of 100 to 400 m and a height of less 
than 10 m. From video and sam pling observations (Foubert et al., 2008), it is known that in this 
region patches of mostly dead cold w ater corals are present. They seem to occur in a depth 
range between 800 and 660 m bsl, on the w esternm ost part of the ridge. On the side-scan 
sonar data these patches are observed as faint shadows. Along the north side of this area, 
a deep moat is present, passing north of Kidd m ud volcano. South of Kidd m ud volcano, 
the ridge seems to be less prom inent and makes place for a small basin. However, east of 
this small basin, the ridge re-appears as an elevated plateau topped with small elevations. 
The east side features a steep cliff and a deep moat, w ith an elevation difference of 180 m. 
This area was video-surveyed by ROV Genesis (Cadipor III expedition, 06/2007). The cliff 
appeared to consist of a carbonate-like basem ent hardrock with large cavernous holes. The 
cliff was nam ed Conger Cliff, after the large conger eel hiding in one of the crevasses. On 
the top of the cliff, the elevations appeared to be patches and hills of dead deep-sea coral 
rubble. Further southw est, the Vernadsky ridge becomes less visible in the topography, but 
it is clear that along the ridge crest a large depression exists, up to the area north of Mercator 
m ud volcano.

The Renard Ridge (Figure 4.6) is found south of Vernadsky Ridge. The w esternm ost part 
of the ridge is a low elevated plateau (40-60 m high) w ith some topographic irregularities. 
Along the north side of the ridge, a wide and shallow moat is present. Towards the east, 
the ridge becomes higher, and more accidented. Ridge crest sections appear to be arcuate in 
shape. N orthw est of Gemini m ud volcano, a 7 km long arcuate ridge topped with small hill
shaped features is present. This ridge section, Pen Duick11 Escarpment, has been observed 
and sam pled in detail because of the occurrence of small m ounds of mostly dead cold w ater 
corals. In some of the m ounds, shallow m ethane gas fronts have been observed and anaerobic 
methane oxidation is an active process, influencing the stability of the carbonate framework 
of dead corals (Maignien et al., 2007; Foubert et al., 2008).

East of the AÍ Idrisi m ud volcano, a ridge structure (AÍ Idrisi Ridge) is appearing from 
under the m ud volcano body (Figure 4.2). Further east and north, the seafloor is very irreg
ular with small hill-like features of a few meters high and a few tens of meters in diameter. 
Sampling during the Cadipor II cruise revealed the presence of dead cold w ater coral patches 
(Foubert et al., 2008).

” 36' yacht built since 1898 by Gridiron and Workers at Carrigaloe near Crosshaven in Ireland and made fa
mous by the sailor Eric Tabarly.
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Figure 4.8: Structural and morphological features inferred from m ultibeam bathym etry and 
side-scan sonar images.

The different features have been compiled in a map (figure 4.8) that illustrates the close 
association between structural ridges and m ud volcanoes. It also shows the dominance of 
erosional moats on the south and north side of m ud volcanoes which could indicate a strong 
W-E tot NW-SE directed current component.

4.1.2 S h a llo w  su b su rfa c e  s tru c tu re

The seismic data allow to recognize structural features like faults and fractures, folding struc
tures and diapiric structures. One specific reflector in the data has been chosen as an 'acoustic 
basem ent'. It is not a basem ent reflection in the meaning of a Paleo- or Mesozoic hardrock 
on which younger sedim entary units are deposited. Here it is m eant as a reflector which can
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be identified throughout the entire seismic data set and serves as a reference horizon (Figure 
4.9). At many places in the data set the reflection is characterized by a m edium  to high am pli
tude. At some places it has an erosive character and onlap on this surface is observed as well. 
Therefore, it is interpreted as a boundary of geological significance in terms of (relative) sea 
level change a n d /o r  tectonic events. The dep th12 map (Figure 4.10) of this reflection allows 
to identify large-scale positive structural features such as ridges, separated by deep basins. 
The thickness of the overburden is shown in figure 4.11 and is useful for identifying the main 
depocentres.

Prominent features of the subsurface structures are the NW-SE trending ridge structures 
(Fig. 4.10): Vernadsky Ridge, Renard Ridge and AÍ Idrisi Ridge. Renard Ridge features steep 
slopes at the seafloor between 500 m and 800 m bsl. The ridge seems to consist of two large 
quasi-circular bodies in the west and long arcuate shaped ridges w est and north of Gemini 
m ud volcano. The crest of the ridge is 700 m deep at the w estern end and shallows to less than 
500 m eastward. The shallowest point is situated east of Gemini m ud volcano. Gemini MV, 
Don Quichote MV and Lazarillo de Torres MV are closedly linked to the eastern part of the 
Renard Ridge. The Gemini is found south of a large fault surface and east of the termination 
of an arcuate escarpm ent (Pen Duick Escarpment) while the two small m ud volcanoes appear 
near the term inations of the second arcuate ridge north of Gemini MV. It is w orth noting that 
mud breccia like material has been sampled on the easternm ost 'm ound ' of the Pen Duick 
Escarpm ent under a bed of coral rubble (TTR-16 cruise) which might indicate m ud mobiliza
tion along or near the term ination of the scarp fault. Moreover, at the term inations of the Pen 
Duick Escarpment, methane fronts were observed at much shallower subsurface positions 
than along the center part (pers. comm. Lois Maignien, LabMET, UGent; Lians Pirlet, RCMG, 
UGent). These observations may indicate a (genetic) relation between the ridge structure and 
the occurrence of the m ud volcanoes. The term inations of the small arcuate ridges may rep
resent highly fractured or deformed zones and thus form places of preferential upw ard fluid 
flow (Sibson and Scott, 1998) — especially where two ridges link or intersect — com pared to 
the central parts of these ridges, and com pared to the w estern part of the Renard Ridge where 
these smaller arcuate ridges do not seem to occur.

The base reflector could not entirely be m apped around the Vernadsky Ridge, therefore 
only part of it is covered. The Vernadsky Ridge is w ider and less steep than the Renard Ridge. 
The crest of the ridge plunges to the northwest: in the west, the crest is situated at a depth 
of 500 m bsl and at 400 mbsl north of Mercator. Further east, it converges with the AÍ Idrisi 
Ridge. In contrast to the Renard Ridge, a large collapse depression can be observed in the area 
between Kidd MV and Mercator MV. The crestal depression is bound on both sides by sets of 
normal faults. At one specific site, the Conger Cliff, a topographic difference of nearly 150 m 
exists, although this is enhanced by erosion activity. The w estern part of the Vernadsky Ridge

12To convert the two-way travel time of the seismic data, to depth in meters, a seismic velocity model was 
developed, as shown in Appendix B.
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Figure 4.9: High resolution seismic line traversing the El Arraiche m u d  volcano held illus
trating the reference reflector (horizon picked in black).
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Figure 4.10: Basement (reference reñector) map, depth (m) below the sea surface based on 
seismic data. The large-scale ridges are separated by deep intra-ridge basins. This m ap also 
show s the close association between ridges and m u d  volcanoes. The velocity m odel used for 
time to depth correction can be found in A ppend ix  B
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m odel used for time to depth correction can be found in A ppendix B
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not entirely covered in seismic data, bu t the m ultibeam  bathym etric data hints the existence 
of quasi-circular dom es similar to the ones observed on the western side of Renard Ridge.

The highest position of the ridge crests is found east of AÍ Idrisi m ud volcano, at a depth 
of 380 m bsl. At this location, a less pronounced E-W trending ridge structure converges with 
the major NW-SE trending Vernadsky Ridge, northeast of AÍ Idrisi MV. The former structure 
is the AÍ Idrisi Ridge and can be observed east and w est of the AÍ Idrisi m ud volcano and thus 
underlies the m ud volcano. The AÍ Idrisi Ridge has a weak positive topography (a few tens 
of meters maximum) and is plunges w estward between the Fiúza and AÍ Idrisi m ud volcano.

In between the Renard Ridge and Vernadsky Ridge and south of Vernadsky Ridge, deep 
basins occur, with the deepest point over 900 m below the sea surface (Fig. 4.10, 4.11). The 
sedim entary infill, counting from the reference reflection, in these basins is up to 250 meters 
thick. The overburden quickly thins tow ards the ridge axis and becomes very thin or zero. 
Especially in the deeper part of the area, below 400-500 m, the ridge crest crops out at the 
seafloor, where it is partly eroded.

The crests of the ridges display many norm al faults (Figure 4.13A-D) with displacem ents 
varying from very small (e.g. west of AÍ Idrisi MV) to very large (e.g. north of Gemini MV, 
Conger Cliff). N orthw est of M ercator MV a large collapse depression is visible at the seafloor 
while northeast of AÍ Idrisi the seafloor is highly irregular due to small displacements.

Seismic profiles over the central part of the Vernadsky Ridge give insight into its structure. 
Figure 4.13A shows the outcropping and eroded low -am plitude acoustic basem ent being cov
ered by younger sequences. Correlation of the seismic data around the ridge culm ination (Fig. 
4.13A, between 3500 and 4000 m along profile distance) indicates that a large normal fault had 
been active in the past. This has created an offset of about 400 m at the ridge crest (location of 
the Conger Cliff). N orthw ards of the large normal fault (between 4000 and 6000 m along pro
file distance), smaller faults are found, which could either be antithetics from the main fault, 
or a consequence of collapse of a antiform crest after sedim ent removal in the subsurface due 
to m ud volcano activity of the nearby Kidd m ud volcano.

In the vicinity of this structurally active place, acoustic diffractions are observed (figure 
4.13B, at 2500 and 4000 m along profile distance). Some diffractions clearly stand out above 
the seafloor and thus can be interpreted as (sidewards) diffractions caused by the presence 
of m ound structures. The seismic data retrieved at the northern part of the Vernadsky Ridge 
are densely populated by acoustic diffractions (figure 4.13C). The diffraction height runs up 
to 50 m and their w idth  up to 200 m. These diffractions are again interpreted as mound 
diffractions, indicating that nearly the whole seabed is covered w ith m ound build-ups and 
m ound patches. Structural basem ent highs are separating small intraridge basins. These are 
likely to be fault-controlled.

A very high-resolution deep-tow  chirp seismic profile along the crest of PDE (figure 4.14) 
shows the m ounds as rounded eone shaped features, w ith a height up to 60 m. No internal 
structures are observed. On some parts of the profile, mostly between 1500 and 4000 m along
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Figure 4.12: Location o f seismic profiles in figures 4.13, 4.14 and 4.15

the distance axis, subsurface reflections are recorded. Generally, the subsurface has a low 
am plitude. An erosive surface below the m ounds can be observed and is interpreted as the 
mound base.

A profile perpendicular to the PDE shows m edium  to high am plitude sequences, covering 
a low-amplitude unit (figure 4.15A). The low-amplitude body has a very steep SW dipping 
slope beneath the escarpment. Northwards, NE dipping reflections are observed in the low- 
am plitude unit. The low-amplitude structural acoustic basement, which is part of Renard 
Ridge, is eroded and crops out at the seafloor. Diffractions at and above the outcropping 
basement are indicative for the occurrence of elevated m ound structures. A small m ound
like low-amplitude body occurs in the high am plitude sequences that cover the basement. 
O ther profiles near the PDE also indicated the presence of small mound-like features in the 
sedim entary sequences (figure 4.16). Reflections are draping the features, indicating that they 
are real physical structures. The small m ounded features only occur upslope a set of small 
normal faults associated w ith gas blanking and bright spots. A direct relation between the
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Figure 4.15: (A) Sparker seismic profíle perpendicular to the PDE, show ing the m ound  
diffractions on the escarpment. The box indicates the location o f the detail in fígure 4.16 
(B) Set o f Sparker seismic profiles over Renard Ridge. The structural basement, two faults 
and m ound structures can be recognized on the protiles.
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Figure 4.16: Som e small buried m ounded features occurring in the sedim ents at the foot o f 
the escarpment.

two observations is speculative. The features may be interpreted as small buried m ounds 
and could be an indication of the onset of m ound growth in the area.

A set of seismic profiles, jointly shown in figure 4.15B, shows the occurrence of many 
m ounded features at the culminations of the low-amplitude acoustic basement. The presence 
of at least two large normal faults can be inferred from the data. A first fault occurs at the 
northern side of the ridge and dips towards the north. The basement is present near or at 
the surface. On top of the ridge, elevated features are indicating the presence of m ound 
structures. Further southwards, a second normal fault with a large offset again disrupts the 
seafloor. A large set of diffractions is again interpreted as the presence of m ounds on top of 
the outcropping basement. The height of the m ounds reaches several tens of meters.

The AÍ Idrisi ridge appears on seismic data as an anticline that is buried below the sed
im entary sequences. The crest of the low-amplitude basement, culminating at less than 100 
m below the seafloor, is highly fractured and may have collapsed in response to sedim ent 
w ithdraw al by m ud volcano activity. Several bright spots indicate the presence of gas in the 
sediments at shallow positions. Mound-like features w ith a low-amplitude and chaotic inter
nal facies are topping the anticline culmination area at the seafloor. Below the chaotic facies, 
an erosive surface is present (figure 4.13D). The chaotic m ounded features can be interpreted
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as small coral patches, what is confirmed by sampling. The erosive surface is interpreted as 
the base of the mounds.

4.1.3 P ossib le  relation to d eep  structures

Flinch (1993) indicates the presence of large rotated blocks of Miocene deposits that offset 
the top of the accretionary w edge (Figure 2.8). These blocks slid and rotated along deep 
lystric faults, resulting in a ridge-basin-ridge morphology; the ridges corresponding to the 
culminating parts of the rotated blocks. The basins in between these crests developed and 
filled during the Plio-Pleistocene.

The location of the Vernadsky Ridge, Renard Ridge and AÍ Idrisi Ridge coincide with the 
locations of the westernmost ridges indicated by Flinch (1993). Therefore, it may be assumed 
that in the Flinch model, the seafloor ridges correspond to or reflect the upper edges of the 
buried rotated blocks. The large lystric faults are then evident fluid migration pathways that 
enable depressuring of the accretionary w edge sediments. The extrusion of fluids and m ud 
at the seafloor resulted over time in the grow th of large m ud volcanoes. The observed crestal 
depressions and normal faults could then be explained by collapse due to mass loss compen
sation.

This model leaves some observations unanswered. First, the large ridges are in fact built 
up by multiple short pieces of arcuate, even anastom izing smaller ridges. This is best illus
trated in the Renard Ridge. This would require the existence of many small blocks that have 
rotated in different directions and over different angles. The Flinch model does not account 
for this. Second, the large quasi-circular features on the w est side of Vernadsky and Renard 
Ridge cannot be explained by the presence of rotated blocks, so an alternative explanation 
needs to be considered.

The presence of the large m ud volcanoes indicates mobilisation of massive am ounts of 
m ud breccia tow ards the surface. Large am ounts of overpressured m ud does not only give 
rise to m ud volcano activity, but also to diaprism. Diapiric structures are found to lie under 
m ud volcanoes (Hedberg, 1974), e.g. in the northern part of the Gulf of Cadiz (Fernandez- 
Puga et al., 2007) in eastern Indonesia (Barber et al., 1986), on the M editerranean Ridge 
(Camerlenghi et al., 1992, 1995; Kopf et al., 2000), deepw ater Nigeria (Graue, 2000), the Gulf 
of Mexico (Sassen et al., 2003), the M akran margin (Schlüter et al., 2002), offshore Brunei 
(Van Rensbergen and Morley, 2001), Barbados complex (Sumner and Westbrook, 2001), the 
South and East China Sea (Xie et al., 2003; Yin et al., 2003), etc. The mechanism of diapirism 
preceding m ud volcanism, or w orded differently, m ud volcanism as a surface expression of 
diapirism, seems to be an ubiquitous process. The large gypsum  crystals and brines observed 
at the Mercator m ud volcano crater may even indicate the combination of salt and m ud di
apirism. Hensen et al. (2007) suggested a shallow salt source at the latter location.

Anastomizing ridges are often observed in areas where subsurface salt mobilisation is ae-
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tive (C. Bemdt, National Oceanography Centre Southam tpon, 2007, pers. comm.). Vendeville 
and Jackson (1992) show typical linear diapiric walls parallel to and closely associated with 
extensional graben systems. Additionally, the profiles presented by Vendeville and Jackson 
(1992) and Hudec and Jackson (2006), but also in many other studies including those from 
the Gulf of Mexico (Seni, 1992), the Cascadia Margin (McNeill et al., 1997), offshore Israel 
(Gradmann et al., 2005), in the Pyrenees (McClay et al., 2004) and offshore Angola (Duval 
et al., 1992; Lundin, 1992) are nearly identical to the line draw ings presented by Flinch (1993) 
and Flinch et al. (1996). In all these profiles, lystric faults extend into ridge-like structures at 
the seafloor, while beneath these features, large triangular-shaped bodies are present. Flinch 
attributes these triangular bodies (that appeared chaotic in the seismic data, Flinch (1993)) 
to parts of the accretionary wedge complex, which consists of a chaotic mix of sediments. 
However, in all the forementioned studies, these are identified as (partly) isolated asymm et
ric pockets of salt. Bally (1981) defined these ridge-like asymmetric features, where a short 
steep scarp slope is in normal fault contact w ith the cover, as salt rollers. In a model of haloki- 
nesis, the quasi circular structures associated to the ridges (described above) could also be 
small diapiric bodies of m ud a n d /o r  salt.

The presence of salt sheets beneath the Plio-Pleistocene deposits indeed facilitate slope 
instability, leading to features like the mass wasting nappe of the Gulf of Cadiz (Maestro 
et al., 2003). Although there is no data available in this study to prove or disprove a situation 
in which halokineses actually controls the region, morphological and geochemical (Hensen 
et al., 2007) data suggest the presence a salt body in the subsurface. Together with the sim
ilarity between the interpretative drawings m ade by Flinch (1993) and multiple examples in 
literature, the case for extensional tectonics combined w ith halokinesis and m ud mobilisation 
as tectonic-structural setting for the El Arraich m ud volcano field becomes a possibility.
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4.2 Shallow  stratigraphy of the El Arraiche mud volcano field

4.2.1 D escription

4.2.1.1 General

The low-amplitude, parallel to slightly divergent reflections of the 'seismic basem ent' (below 
the reference horizon) are characterized by the presence of three anticlinal ridge structures 
of which the ridge crests are often strongly eroded. The depth of the crests is between 700 
and 350 msec below sea surface. Both the Vernadsky Ridge and Renard Ridge are outcrops 
of these ridges and trend NW-SE. A more E-W oriented ridge is completely buried and is 
located under the AÍ Idrisi m ud volcano. The ridge is shallowly buried at the m ud volcano's 
east side (90 meters below seafloor) and the westward dipping crest deepens to 135 mbsf in 
the westernm ost part of the AÍ Idrisi seismic grid. Between the Fiúza, Al Idrisi and Gemini 
MV, the top of the basement deepens to 1050 msec (~  900 m) and forms a central basin. 
Also south of the Renard Ridge, between the Renard and Vernadsky Ridges and north of 
Vernadsky Ridge, the basins deepen strongly. The deepest parts are encountered southw est 
of Gemini MV with depths dow n to 1200 msec below sea surface. The basement is covered 
by concordant to onlapping units w ith higher am plitude; together with the strong erosion at 
the ridge crests rendering the interface an obvious unconformity. The sedim entary cover is 
absent or very thin at the ridge crests north of Gemini and Mercator m ud volcanoes and east 
of AÍ Idrisi m ud volcano. In the basins however, thicknesses over 400 msec (about 360 m) 
are observed. Unfortunately, it was impossible to correlate all units and subunits north of the 
Gemini m ud volcano and Mercator m ud volcano.

The sedim entary cover above the refrence horizon mostly consist of parallel, continuous 
reflectors with variable amplitudes. Small internal unconformities were observed and served 
to subdivide the strata in different units. In general, the tops and bottoms of the units are 
continuous and parallel, although erosional truncation is observed. Onlap is observed in a 
few cases and mostly corresponds to units that cover a pre-existing positive topography, e.g. 
an extruded m ud flow or a ridge structure. Since the units are situated on the upper slope, 
the general reflector configuration suggests that the units are progradational-aggradational 
wedges. This corresponds to the general sedim entary setting of the Gulf of Cadiz and NW 
Africa since the Plio-Pleistocene (Flinch and Vail, 1998; M aldonado et al., 1999; H em andez- 
Molina et al., 2003).

Three large units were recognized and could be divided in smaller subunits. Unit 1 is built 
up  by continuous parallel to slightly divergent reflections w ith low to intermediate am pli
tude. Small internal unconformities occur mostly near the ridge crests and are used to divide 
the unit in three subunits. Subunit la  covers the basement. It is conform in the basins and 
shows onlap against the ridge flanks. The configuration is mostly parallel but shows some 
divergence towards the depocentres. The subunits lb  and le have slightly higher am plitudes
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than subunit la. The subunits lb  and le  show onlap against subunit la  and the ridges. The 
units thicken towards the depocenters but have in general a parallel reflector configuration. 
Strong erosion of the top of unit 1 exists, e.g. north of the AÍ Idrisi m ud volcano, although 
this is a result of erosional moat formation around the AÍ Idrisi m ud volcano. Otherwise, the 
top of the unit is concordant.

Unit 2 is characterized by reflectors with low to intermediate am plitudes that are parallel 
to divergent (due to basinward thickening). The top and bottom of the unit is mostly con
cordant except near the ridge crests and around the mud volcanoes (due to the presence of 
erosional moats). Unit 2 is subdivided in 2 subunits that strongly thicken tow ards the de- 
pocentres.

Unit 3 is subdivided in 5 subunits based on small internal unconformities. The lower sub
units (3a, 3b, 3c) consist of parallel m edium  to high am plitude reflections that onlap slightly 
near the ridge crests. These units appear to have a more aggradational than progradational 
character because they remain more isopachous compared to the underlying subunits. The 
two upper subunits, 3d and 3e, have high am plitudes and mostly parralel reflections and also 
appear more aggrading in nature. The base of these units is often onlapping.

4.2.1.2 AÍ Idrisi m ud volcano (Figures 4.18, 4.19, 4.20)

The top of the basem ent is eroded at the north side of the m ud volcano and dips slightly 
towards the centre of the MV at its east side. At the north side of the m ud volcano, unit 1 
onlaps the eroded basement, and dips tow ards the center of the MV (Fig. 4.18, lower image). 
At the south side of the m ud volcano, erosion is not observed, but unit 1 also slightly dips 
tow ards the center of the MV. Subunit la  covers the basem ent around AÍ Idrisi MV, except 
at the AÍ Idrisi ridge crest at the east side of the m ud volcano, with onlap near the ridge 
crests. The internal configuration is parallel, w ith a low am plitude. Subunit lb  and le, locally 
onlapping subunit la  and the AÍ Idrisi Ridge, have slightly higher am plitudes than subunit 
la. The internal configuration of subunit lb  is parallel, and subunit le  is rather divergent (Fig. 
4.19, upper image). The top of subunit le  is often stronlgy eroded near the top of the ridges 
(Fig. 4.20, upper image). Unit 2 is divergent south of the m ud volcano, while at the north side, 
the unit dips towards the center of the m ud volcano (Fig. 4.18). The unit has a low am plitude 
and continuous seismic facies. Subunits 3a, 3b and 3c are parallel and with a m edium  to high 
am plitude (Fig. 4.19). Subunit 3d is divergent, subunit 3e onlaps strongly at the south side of 
the ridge, and has a parallel to divergent reflector configuration.

The oldest m udflow extruded by the AÍ Idrisi MV is observed in subunit lb , it is a small 
mudflow caught in a shallow moat-like feature. Unit 2 is characterized by the presence of 
many m ud flows at all sides of the m ud volcano (Fig. 4.20). Only one small m udflow is 
present at the base of subunit 3a. No m ud flows are observed in subunits 3b, 3c. The two 
youngest units, 3d and 3e, contain many mudflows again (Fig. 4.18, 4.20).
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Moats around the m ud volcano are present at the south and north side. Subunits 3d and 
3e are very deeply incised by moats with depths of over 100 m (Fig. 4.18). Ersional moats are 
also present at the south side in subunits 2a through 3c. There is a continuous alternation of 
deposition and erosional moat formation, strongest in unit 3. Specifically at the south side of 
the m ud volcano, it can be observed how a m ud flow deposition shifts the deepest point of a 
moat outw ards from the center of the mud volcano. After deposition, this point climbs back 
tow ards the center of the m ud volcano, while sedim ents onlap the youngest mudflow.

4.2.1.3 M ercator m ud volcano (Figures 4.21, 4.22)

The Mercator mud volcano is located on south flank of the Vernadsky Ridge. The NW-SE 
trending ridge culminates near the m ud volcano and plunges tow ards the east to merge with 
the AÍ Idrisi Ridge northeast of the AÍ Idrisi m ud volcano. The crest is subject to heavy col
lapse creating offset ram ps of over 25 m north of the Mercator MV (Fig. 4.21, upper image). 
The faults run parallel with the anticlinal ridge Crestline. Just north of the Mercator m ud vol
cano, a heavily faulted and collapsed area is present with curved normal faults disappearing 
under the m ud volcano. Accousic blanking as well as bright spots are associated w ith these 
faults (Fig. 4.21, upper image). South of the Mercator MV, the ridge flank contains a de
pression. A small buried m ud volcano is present at this depression as well (Fig. 4.21, upper 
image).

The top of the basem ent is eroded near the ridge crest, especially in areas where it is not 
covered by younger sedim ents, e.g. northeast of the m ud volcano (Fig. 4.21, lower image). 
Diffraction hyperboles at ridge crests are present at some locations, where small m ounded fea
tures are observed on the multibeam bathymetric data. The basem ent and unit 1 are faulted 
at the w est side of the Mercator MV, and faulted, eroded and dipping tow ads the center of 
the m ud volcano at the east side. Units 1 and 2 onlap against the basem ent at the Vernad
sky Ridge culmination (Fig. 4.21, lower image). The internal configuration of subunit la  is 
slightly divergent to parallel, subunits lb  has a parallel and le a slightly divergent reflector 
configuration w ith higher am plitudes than subunit la. Subunit 2a has high am plitudes, sub
unit 2b low am plitudes. M oat erosion is present at the base of unit 2, and also at the east 
side at the base of subunit 2. Subunits 3a, 3b and 3c are parallel, first onlap and then drape 
the underlying topography and cover the existing m ud flows completely. The am plitude of 
these subunits is m edium  to low. Units 3d and 3e have higher am plitude and display som 
divergence perpendicular to the ridges.

The oldest m ud flow is situated in unit 1, at the north side of the m ud volcano where no 
detailed stratigraphy was tied. Large mudflows then are present at the base of unit 2, within 
subunits 2a and 2b. Subunits 3a, 3b and 3c contain no mudflows, subunits 3d and 3e contain 
many large m udflows again (Fig. 4.21, upper image; Fig. 4.22).

Moats are present at the south side, as well as the southw est and southeast side of the m ud
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volcano. The oldest moats are present at the base of subunit le, which can be best observed 
at the southeast side of the mud volcnano (Fig. 4.22). A large mudflow fills a moat at the 
base of unit 2. This deep moat exists throughout unit 2, slowly becoming less deep as it fills 
with sediments. At the southw est side, the deepest point of the moat shift tow ards the mud 
volcano as depth decreases and the underlying m udflow gets buried. At the southeast side, a 
mudflow in subunit 2b shifts the deepest point of the moat outw ards. The seismic reflections 
suggest a continuous deposition with existence of a moat until subunit 3d. With the moat 
shifting further tow ards the m ud volcano. In subunit 3d, new m udflows appear and shift 
the deepest m oat locations outw ards again. The maximum distance between the inner- and 
outerm ost moat occurence is over 250 meters. The deepest moats are found at the south side 
of the m ud volcano. The m oat at the present seafloor is over 40 meters deep.

4.2.1.4 G e m in i m u d  vo lcano  (F igure  4.23), F igu re  4.24, lo w e r im age)

The Gemini m ud volcano is located at a large scarp structure (Fig. 4.23, upper image) at the 
easternm ost extension of the Renard Ridge. N orth of the m ud volcano, a large erosive scarp 
is present, with a deep moat present in between both (Fig. 4.23, lower image). West of the 
Gemini m ud volcano, the Pen Duick Escarpment extends northw estw ards. The basem ent 
crops out at the seafloor north (Figure 4.23) and east (Figure 4.24, lower image) of the Gemini 
m ud volcano. South of the m ud volcano, it is deeply buried (400 msec tw t below the seafloor). 
Seismic blanking and the occurrence of bright spots along small norm al faults is w idespread 
in the area around the Renard Ridge.

The top of the basem ent is strongly eroded at the ridge crests. It crops out at the seafloor. 
The basem ent generally has a low am plitude parallel seismic facies, bu t below the ridge crest, 
the signal is chaotic or blanked. The thickness of the cover runs up to over 400 msec tw t in the 
southernm ost part of the dataset. Unfortunately, it was impossible to correlate all units and 
subunits north of the Renard Ridge. Unit 1 is built up by parallel to divergent reflections, with 
onlap at the base of subunit la. The am plitude of the reflections is low (la) to interm ediate (lb, 
le). The top of subunit lb  is locally eroded at the east side of the Gemini m ud volcano, maybe 
as a sign of initial m oat formation. Unit 2 is has a parallel to divergent reflector configuration 
perpendicular to Renard Ridge. The am plitude of the reflections is of a low to interm ediate 
strength. The lower part of unit 3 has a parallel (3a - 3c) to slightly divergent (3d, 3e) reflection 
configuration. The am plitudes vary from interm ediate to high.

The Gemini MV blanks a lot of the underlying strata, so it is not as easy to recognize the 
m ud flows interfingering w ith the normal deposits as in the case of the AÍ Idrisi and Mercator 
MVs. The only clear m udflows occur in subunit 3d at the south side of the m ud volcano 
(Fig. 4.23, lower image) and in subunits 2b, 3d and 3e at the east side. The unit 1 is pushed 
upw ards near the mud volcano and overlies a transparant area. This could be a deep and old 
mudflow, but no other indications are present to support this.
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Erosional moats are observed starting from 2b and exist throughout subunit 3e. The moat
like structure north of Gemini MV has probably gotten its m agnitude due to a combination 
of erosion and fault offset.

4.2.1.5 F iúza m u d  vo lcano  (F igu re  4.24, lo w e r im age)

Only three seismic lines have been interpreted over the FiÄzza MV; not all sides of the mud 
volcano gave information on the activity of this MV, only the east and w est side.

The basem ent east and west of Fiúza MV slightly dips tow ards the m ud volcano. Also the 
reflections of unit 1 display a dip. The am plitudes of the units vary from low -  intermediate 
for unit 1, to low (unit 2) to intermediate-high (unit 1).

Mud flows are present in subunits le, 2a, the top of 2b or the base of 3a, 3d and 3e. Again 
no m udflows are observed in subunits 3b and 3c. At the west side of Fiúza, onlap of normal 
deposits on a mudflow is very well visible in unit 2a, w ith infill of a m oat in front of the 
mudflow.

4.2.1.6 A n o m a lo u s  in te rn a l re flec tions  in  m ud  vo lcanoes

The Mercator and Fiuza m ud volcanoes both show an anom alous but coherent subbottom  
reflection, indicated as H event (Figures 4.21, 4.22, 4.25). The depth of the H event varies 
from 0 msec near the m ud volcano crater to over 50 msec further away. The presence of 
any coherent signal is unexpected since m ud volcanoes are mainly built up by an extruded 
m ud-supported breccia, hence lacking any internal structure. Only a chaotic seismic facies 
is expected. The depth of this event was m apped over the Mercator m ud volcano, a seismic 
grid over the Fiúza MV is not present. The seismic signal shows that the H event has an 
inverse polarity in regard to the seafloor reflection (see figure 4.26). The H event only occurs 
w ithin the m ud volcano body and does not extend into the layered hemipelagic sedim entary 
environm ent around the m ud volcanoes. Hence it is not a crosscutting reflection. Away from 
the crater, the reflection is parallel to the seafloor, where it forms a bottom  simulating reflector 
(BSR) at a depth of about 50 milliseconds below the seafloor. The H event shallows toward 
the center of the m ud volcano and intercepts w ith the seafloor reflection at the edge of the 
crater (Figures 4.25 and 4.27).

4.2.2 Stratigraphy

Flinch and Vail (1998) interpreted 11 stratigraphie units south of the study area of which 
8 postdate the Mid-Pleistocene Revolution (MPR; 900 ka) (see also figure 2.9). The last units 
correspond to 4th order sea-level fluctuations. Llave et al. (2001) and Hernandez-M olina et al. 
(2003) show that prograding-aggrading w edges on the shelf and slope of the northern Gulf 
of Cadiz are in fact tied to asymmetric 3th and 4th-order climatic and sea-level cycles of 200
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ka duration which postdate the Q uaternary Discontinuity (1.6 Ma; QD). The only source of 
chronostratigraphic information in the area is the LAR-1 drill hole (Flinch, 1993) which is just 
outside the El Arraiche mud volcano field and cannot easily be tied into our dataset.

Nevertheless, the stratigraphie units identified in the dataset may be related to sea level 
fluctuations. Small unconformities may represent boundaries of different prograding clino- 
forms and aggradational layers of one or more stratigraphie sequences in response to third 
and fourth order sea-level cycles. In total, 10 subunits were identified. With a 100.000 year 
sea-level cycle (orbital inclination in the Milankovic cycle setting the pace for the ice ages) for 
the Late Pleistocene (after the MPR), 9 of these units would fit in the post-MPR period. This 
w ould also mean that in the depocentres, up to 250 m of sedim ent would have been deposited 
in less than 1 Ma, or 25 cm per 1000 years. Alternatively, the MPR corresponds to a boundary 
between units 1-2 or 2-3 which have also stronger erosive features. The reference reflector, 
often characterized by strong erosion, could then correspond to the QD. With the available 
data, it is impossible to be conclusive about the chronostratigraphic framework. However, 
w ithin the proposed IODP Drilling project IODP Pre-692 "M ud volcanoes as a w indow  into 
the deep biosphere" (Depreiter et al., 2006), drilling in the sedim entary sequence, m ud flows 
and m ud volcanoes are projected and would allow to address this question.

4.2.3 M ud flow s, m ud volcano activity and m oats

4.2.3.1 Mud flows, expressions of mud volcano activity

On seismic profiles, m ud flows once deposited at the foot of a m ud volcano, interfinger with 
hemipelagic sediments. The m ud flows are characterized by a chaotic signal since no internal 
structure is present. The lower boundary of the m ud flow often is hard to define since the 
reflections of the covered strata are rendered discontinuous and with lowered am plitude. 
However, the reflection on which the m ud flow is lying can be identified by tracking the 
m ud flow shape tow ards the point where it thins to a single reflection. By this means it was 
possible to locate the stratigraphie position of the m udflow and thus compare the occurrences 
of m ud flows from different m ud volcanoes in a stratigraphie section. Based on the am ount 
of m ud flows interfingering w ith the hemipelagic sedim ents at a certain stratigraphie depth, 
the periods of activity of the m ud volcanoes can also be reconstructed.

Correlation of the m ud flow events between the different m ud volcanoes showed that 
m ud extrusion events did not occur exactly simultaneously. However, on a larger time scale, 
i.e. at the level of subunits, m ud volcano activity is strikingly in concert (Figure 4.28). M oast 
of the m udflows occurred in subunits le, 2a, 2b, 3d and 3e while no or little m udflows where 
observed in the other subunits.

The occurrence at different depths of the m ud flows w ithin the sedim entary units around 
the m ud volcanoes, indicates that the m ud volcanoes are long-lived structures w ith activity 
at several m om ents in geological history. The activity is concentrated in certain subunits,
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Figure 4.25: (A and B) High-resolution sparker and (C) very high resolution chirp sonar (cour
tesy Ifremer) seismic lines over Mercator MV. The stratifíed seismic facies at the sides o f Mer
cator M V  (Figures A  and B) represents hemipelagic sediments. The m ud  volcano itself has 
no internal structure; therefore a chaotic to transparent facies is observed. The unexpected  
H  event reflector is visible on all protiles, Figure A  is a profile far away from the crater and 
therefore the event occurs deepest. Figure B is a profile that passes next to the crater; therefore 
the H  event is shallower near the crater than elsewhere. Figure C line crosses the crater and 
shows the H  event intercepting the seatioor retiection.

whereas other subunits are barren of any mudflow, for all m ud volcanoes. This could mean 
that there is an internal or external trigger that activates the m ud volcanoes at certain times. 
As this doesn 't happen exactly simultaneously, internal or external short-lived events (e.g. 
earthquakes) may be excluded from the trigger list. However, a long-lived process that in
fluences overpressure in the deep subsurface, may trigger m ud volcanism, albeit at slightly 
different times between the different m ud volcanoes. In chapter 6, such processes will be 
explored.
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Figure 4.27: Subbottom depth o f the H  event in the Mercator m ud  volcano in two-way travel 
time. The concentric shallowing o f the H  event toward the crater is show n by the contours. 
Background figure is a shaded relief m ap o f the Mercator m ud  volcano (illuminated from  
west).

4.2.3.2 Erosional moats

The m ud volcanoes are surrounded by erosional moats, as can be observed on the bathym etry 
map. The seismic profiles also reveal the presence of moats throughout the m ud volcanic 
history.

The influence of a large mud volcano edifice — as any other positive feature at the seafloor 
— on the bottom water current pattern is such that erosional moats are to be created. The 
presence or absence of erosional moats around the m ud volcanoes thus can be taken as an

volcano booy outline
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Figure 4.28: Compilation o f occurrence o f m ud  flows and dipping units around m udvolca- 
noes.

indicator for the timing of the appearance of the m ud volcano body.
The presence of deep moats around the AÍ Idrisi MV is not restricted to the present. Unit 

2a shows a moat in front of a large mudflow south of the m ud volcano. This moats exists 
during the deposition of units 2b through 3c. Units 3d and 3e are very deeply incising with 
moats of more than 100 meter deep. Also at the north side of the m ud volcano, the alteration 
of deposition and moat formation is shown to be a very dynamic system, especially in unit 3. 
At the south side, we observe how due to a mud flow deposition, the deepest point of a moat 
is shifted outw ards from the center of the m ud volcano and how this points climbs afterwards 
tow ards the center of the m ud volcano, covering the youngest m ud flows. East and w est of 
the AÍ Idrisi MV, the moats are absent due to the presence of the anticlinal ridge, rendering 
the surface topography elevated.

The erosive surface at the base of subunit lb , east side of the Mercator MV, is not consid
ered to be a moat. The youngest moat is rather thought to be the base of unit 2, in front of the 
large m ud flow deposited at the base of this unit. The moat shape continues to exist during 
the deposition of subunit 2b until the deepest point is shifted outw ards due to the infilling of 
the moat by a mudflow. Hereby, the moat depth decreases during deposition of unit 2b and 
the deepest point of the moat climbs back tow ards the center of the m ud volcano. The seismic 
reflections suggest a consecutive deposition and erosion during the deposition through unit 
3d. Then again, a m udflow shifts the deepest point outward. The current moat is located 
more inw ards again after the deposition of unit le. At the w est side, unit le  is eroded by the 
base of unit 2a, successively covered by a large mudflow. The moat shifts towards the center 
of the m ud volcano throughout the deposition of unit 2 and 3a-d however the moats become 
less pronounced. Erosion becomes stronger in unit 3e and mudflows also shift the deepest 
point of the moat outw ard to its current position.

At the south side of this m ud volcano, moats are present in units 2 and 3 with contin
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uous alteration of deposition and erosion. Generally, they are much deeper than the moats 
observed east and w est of the m ud volcano, above the ridge flanks, indicating a stronger 
current. The moat at the current surface is over 40 meter deep.

South of Pen Duick Escarpm ent and Gemini m ud volcano, moats are observed starting 
from subunit 2b and exist throughout unit 3. The moat-like structure north of Gemini MV 
will not be regarded, since it is unlikely that currents alone can be taken responsible or a moat 
of these dimensions: it is suggested that m ost of the depression is caused by a fault extending 
from the Pen Duick Escarpment tow ards the east, while the offset is dim inishing in the same 
direction. Subsequently, the current between the fault surface and the Gemini MV m ust have 
further deepened the depression.

The location of the moats around the m ud volcanoes shows that (1) the moats shift in and 
outw ards after the extrusion of m ud flows and that (2) moats are often deeper just before and 
after m ud flow deposits and shallower w hen it is climbing tow ards the centre of the m ud 
volcano. Next to this, (3) the moats are always arc- to horseshoe-shaped and directed in an 
E-W direction. For the older moats in unit le  -  2, one could suggest that this is controlled by 
the anticlinal ridge orientation. For unit 3 this seems less likely, since — especially for the AÍ 
Idrisi MV — the ridge topography is sm oothed by the sedim entary cover.

M oat formation in the El Arraiche m ud volcano field is clearly evident from unit 2. Pre- 
cedingly, either no strong current is present to form moats, either no large m ud volcanoes are 
present to divert the bottom  currents. The appearance of the moats m ust indicate that a m ud 
volcano body was present at that time. The moats appear shortly after the occurrence of the 
first small mudflows and hereby add proof for the timing of origin of the m ud volcanoes.

The arc-shaped moats throughout the seismic section, are always directed in an E-W direc
tion and flank the m ud volcanoes at their north and south side. One could argue that currents 
are steered by the topography of the ridge structures in an initial stage. However, this does 
not hold for the youngest units since the infilling of the basins sm oothens topography. As 
indicated in chapter 2, tidal currents are know n to run up- and dow n the slope. It is likely 
that these strong currents are mostly responsible for the moat formation.

4.2.3.3 D ow nw ard bend ing  reflections around m ud volcanoes

Downward bending of reflections around m ud volcanoes has been reported m ultiple times. 
Various interpretations have been given to this aspect: Somoza et al. (2003) attribute the bend
ing reflections recognized around m ud volcanoes of the Gulf of Cadiz to collapse depres
sions and observe that they often correspond w ith discontinuities in the contourite sequence. 
Wiedicke et al. (2001) describe the dow nw ard bending of reflections next to a m ud m ound 
at the front of the M akran accretionary complex. This feature may be generated by com
pensatory marginal subsidence related to the extrusion of m ud and not by erosion, since the 
depression at the surface is non-erosive. Graue (2000) attributes concentric faults and d ip 
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ping sections around m ud volcanoes in deep-water Nigeria to caldera collapse. However, 
Dimitrov (2002b) allocates the dow nw ard dip to a 'pull dow n' effect of the reflections around 
to the feeder because the m ud breccia is characterized by a lower sound velocity than the host 
sediments.

On the herein described seismic dataset, we observed different features: (i) dipping re
flections of unit 1 (oldest unit) and the basem ent at the north side of the AÍ Idrisi MV (figure 
4.18) and normal faults west and an obvious collapse depression west of the m ud volcano; 
(ii) dipping reflections of the basement and unit 1 east and west of Mercator MV (figure 4.22), 
with basement erosion at the west side and associated normal faulting at the east side. Also a 
large collapse zone north of the m ud volcano and a possible collapse south of it w ith a small 
buried m ud volcano related to it are observed, (iii) The Pen Duick Escarpment -  Gemini MV 
(figure 4.24) area is much more complex: two large norm al faults closely related to the m ud 
volcano suggest large-scale collapse in this area. Based on these observations on the high 
resolution seismics, we conclude that the dow nw ard bending of reflections at the level of the 
basement and the oldest units (la, lb) is caused by basement collapse as a response to the 
activity of the m ud volcano. The removal of sedim ent beneath the m ud volcanoes creates a 
mass deficit which has to be compensated. This is thought to be creating the central collapse 
zone. Associated with the bending reflections, norm al faults are often observed and are in 
support of the collapse event. Since norm al faults often run up towards the seafloor, it seems 
that collapse is an ongoing process and could be an indication that the m ud volcanic activity 
has not finished yet.

4.3 G eophysical evidence of fluid flow  in the El Arraiche mud  

volcano field

The geophysical data presented in this chapter has delivered evidence for past and 
present fluid flow on a large scale.

On the basis of multibeam and side-scan sonar data, supported up w ith literature refer
ences of seafloor sampling data, we can indicate the presence of 8 m ud volcanoes of various 
sizes. In the introdution (Chapter 1), m ud volcanoes were introduced as prime indicators 
of large-scale fluid flow because they are the consequence of the extrusion of large am ounts 
of m ud, rock clasts and fluid at the seafloor. Indeed, the largest m ud volcano, AÍ Idrisi MV, 
is a eone shaped structure of about 200 meter high and 5 km in diam eter which means that 
about 1.3 km 3 m ud and rock clasts has been extruded from the subsurface. Lobe shaped 
bodies and high-reflectivity patches on the slopes of the m ud volcanoes hint m ud flow 
bodies near or at the surface of the m ud volcanoes. These features indicate rather recent 
activity of these m ud volcanoes.

Seismic data yielded insight in the subsurface environm ent around the m ud volcanoes.
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It was noted that most of the m ud volcanoes are associated w ith large ridge structures 
that are crosscut by many faults. The occurrence blanking or bright spots associated with 
some of these faults hint the presence of gas in the sediments. A round the m ud volcanoes, 
many mudflows were observed extending to deep levels in the sedim entary record. This 
observation evidences the long-lived nature of the m ud volcanoes and the recurrent peri
ods of activity. It can even be said that a certain internal or external trigger of m ud volcano 
activity is suspected, albeit not exactly simulaneously between the m ud volcanoes.

In the next chapter, a closer look will be taken to carbonate crusts and chimney struc
tures that have formed in several environm ents related to these m ud volcanoes. Samples 
have been extracted from m ud volcano craters and sedim entary environm ents such as Pen 
Duick Escarpment. Geochemical and mineralogical analysis of these carbonate samples 
should give more insights in the fluids that are flowing through the sediments, and in the 
processes involved in the formation of the crusts.



Chapter 5

Geochemical and petrological evidence 
of fluid flow: carbonate crusts and 
chimneys

This chapter contains the results of the study of carbonate chimneys and crusts from the 
Gulf of Cadiz. The data will be interpreted and discussed in order to obtain evidence of 
fluid flow and information about the parental fluids and processes leading to carbonate 
precipitation.
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5.1 Introduction to authigenic carbonates

Authigenic carbonates are formed in sedim ents where carbonate is oversaturated and alka
linity is sufficiently high. One cause of carbonate oversaturation, relevant to fluid flow in 
oceanic sediments, is the oxidation of migrating methane bearing fluids and free gas ('cold 
seeps'). In the upper meters of the sedim entary column, hydrocarbons undergo microbial 
oxidation, e.g., anaerobic oxidation of methane (AOM) coupled to sulfate reduction (Hinrichs 
et al., 1999; Boetius et al., 2000) (equation 5.1).

so42- +  CHd HCO-T +  HS -  +  H90 (5.1)

As a consequence of this reaction, alkalinity in the sedim ent pore w ater increases and 
promotes the precipitation of carbonate minerals (e.g., Ritger et al., 1987; Aharon and Fu, 
2000; Peckmann and Thiel, 2004). Alternatively, though depending on the saturation state 
of the pore waters, authigenic carbonate in marine settings can also be formed driven by 
diffusion or advection of bicarbonate from seawater into the sediments (e.g., Alloue, 1990) or 
by dissolution of carbonate phases more soluble than the newly precipitating cements (e.g., 
Mullins et al., 1985).

Carbon stable isotope analysis is used to elucidate the source of the carbon atoms present 
in the carbonate. The carbon present in biogenic (created by microbial activity) and therm o
genic (created by thermal cracking of organic matter) m ethane is isotopically lighter (biogenic 
methane: -110 %o -  thermogenic methane: -25 to Roberts and Aharon, 1994; Whiticar,
1999) than carbon present in seawater2 (ECO2 ~  0%o; Bickert and Wefer, 1999). Organic m at
ter in recent sedim ents is also isotopically light (-10 to -30%o; Faure, 1986). Oxygen stable 
isotope ratios3 can give indications about the fluid source and the temperature of carbonate 
precipitation.

In this chapter, the results of pétrographie and geochemical analyses of a set of carbonate 
crusts and chimneys retrieved from margins in the Gulf of Cadiz (Fig. 5.1) are reported. The 
samples are taken from a span of environments (also see section 5.2): m ud volcanoes on the 
Moroccan margin (Meknes MV, Kidd MV), Hesperides MV on the Iberian margin, Pen Duick 
Escarpment and an erosional sedimentary environm ent west of the Strait of Gibraltar (herein 
referred to as the M editerranean Outflow Area). The parental fluids and genetic processes of 
the different samples are discussed and the data is interpreted in terms of modes of fluid flow

'Carbon and oxygen isotopic data of carbonate minerals is reported with respect to the Vienna Pee Dee Belem- 
nite (V-PDB) standard unless otherwise indicated. See chapter 3 for more information.

2Marine total inorganic carbon
3Oxygen isotopic data of fluids is reported with respect to the Vienna Standard Mean Ocean Water (V-SMOW) 

standard unless otherwise indicated. See chapter 3 for more information.
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in which the pétrographie characteristics of the samples function as a key to fluid flow and its 
genesis.

5.2 Sam pling sites

Carbonate crust and chimney samples were retrieved from four different locations by seafloor 
dredging and boxcoring. Representative samples were selected for further analysis.

Moroccan margin mud volcanoes Samples from two m ud volcanoes on the Moroccan mar
gin were retrieved, i.e. Kidd MV and Meknes MV.

The Kidd MV is located at a depth of 550 m on the north flank of the Vernadsky Ridge 
(for more details, see 4.1) in the El Arraiche m ud volcano field. The samples are retrieved 
from the crater area. Cores retrieved during cruise TTR-14 onboard R /V  Professor Logachev 
em anated a strong hydrogen sulfide smell. By tv-guided grab sampling, a large am ount of 
carbonate-cemented m ud breccia and small chimney structures were sam pled together with 
large clasts, dom inated by bedded sandstones and porous carbonate rocks.

The Meknes MV is located at a w ater depth of 700 m and is a 50 m high sub-circular 
dome-like structure with a conical shape and a flat top. The slopes of the structure are about 
7.7 degrees and its diam eter is about 1100 m. Cores retrieved during cruise TTR-14 in the 
center m ud volcano crater, showed the presence of m ud breccia at and near the seafloor. 
The absence of a hemipelagic sedim ent drape may indicate recent activity. TV-guided grab 
sampling recovered an assemblage of small cm-sized brittle carbonate crusts and bedded 
sand- and claystones.

Pen Duick Escarpment (PDE) Piston and gravity coring indicated active fluid migration 
through the sedim ents and m ounds (Maignien et al., 2007; Foubert et al., 2008). At several 
places across the 5 km long escarpment, carbonate-cemented sedim ents are present. Carbon
ate crusts were sampled from the sedim ent surface by video-guided grab sampling near the 
northeast side of a carbonate m ound on the Pen Duick Escarpment (Foubert et al., 2008), as 
well as by boxcoring on the southw est slope of the same m ound. The analyzed samples used 
in this work were sampled by tv-guided grab sampling during TTR-12 cruise onboard R /V  
Professor Logachev and from a boxcore taken during the 2004 Hermes cruise onboard R /V  
Pelagia.

Mediterranean Outflow Area (MOA) The M editerrean Outflow Water has strongly eroded 
the seafloor west of Tanger (Morocco), resulting in seafloor channels. The southern border of 
one of these is bound by a steep cliff of about 75 m high w ith a slope of 13 degrees. The flanks 
and plateau-like top of the ridges were characterized by patches of high backscatter on side 
scan sonar records (TTR-14 cruise, data not shown). Seafloor dredging on these locations at
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a depth  of about 400m has yielded an assemblage of massive dark brownish dm - to m-sized 
chimneys and crusts.

H esperides M V  (H M V ) With the goal of com paring the source fluids and formation pro
cesses of the authigenic carbonates from the northw est Moroccan margin, a set of slices of 
carbonate chimneys from the H esperides MV were analyzed. The samples were retrieved 
during Sonne cruise S0175 in 2003 and from a boxcore taken during the 2004 Herm es cruise 
onboard R /V  Pelagia. Hesperides MV is a large complex m ud volcano in the Tasyo field 
(Somoza et al., 2003) on the Iberian margin. It is com posed of multiple cones, w ith a total 
diam eter of 3 km and a height of 150 m (Somoza et al., 2003).

5.3 Results

5.3.1 Petrography and XRD analyses

M oroccan m u d  vo lcanoes The carbonate crusts retrieved from Kidd MV (Fig. 5.2A) are 
variable in size and have an irregular shape. M ost specimens are large (up to several decime
ters across), well lithified m ud breccia w ith a light brow n to gray colour, colonized by benthic 
organism s (corals, bryozoans, sponges) and partly degraded by boring organisms. These con
trast w ith cm-sized, more brittle and soft gray nodular crusts with a smooth surface. In one 
case, partly dissolved coral debris is completely em bedded in lithified very fine, brittle, gray 
lime m ud. Visible rock fragments (clay- and siltstone) and biogenous fragments (corals, bi
valve shells) are em bedded w ithin the crusts. In general, the crusts feature many voids, cracks 
and fractures which have been filled by cements and sediments.

The crusts from Meknes MV (Fig. 5.2B) are up  to a decimeter large (largest diameter), 
brittle, gray, nodular crusts. Visible rock fragments included in the crusts are mm-sized pieces 
of silt- and claystone, next to biogenous debris like coral fragments.

In transm itted light, the crusts from Kidd MV display a chaotic texture consisting of a 
m uddy aragonite (based on XRD results, see below) micrite matrix (~  50%, Fig. 5.2C, D), float
ing micritic peloids (~  5-10%, Fig. 5.2D) and a small am ount of bioclasts (pelagic foraminifera, 
< 1%). Accessory minerals include variable am ounts of detrital mono- and polycrystalline 
quartz, authigenic pyrite, iron oxihydroxides, detrital feldspar and calcite. The grayish parts 
of the crusts contain pyrite and cloudy iron oxihydroxides, while the brownish parts of the 
crusts only contain oxihydroxides. The remaining volum e consists of circum granular voids, 
cracks and fractures.

Throughout the crust, m any generations of cracks and fractures are present, which are 
often filled by washed-in rock fragments (e.g. siltstones, ~  1 0 %) and incompletely cemented 
by acicular to fibrous aragonite fans (up to 20%, Fig. 5.2E). Circum granular voids often occur
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Figure 5.2: Petrography o f Moroccan m u d  volcano crusts. A , C-I: K idd m u d  volcano crusts. 
B, J-L: M eknes m ud  volcano crusts. A) Lithified m ud  breccia crust. B) Small calcitic crusts. 
C) Texture o f the Kidd m ud  volcano crusts. Brownish micrite matrix and aragonite botryoids 
incom pletely fill the porosity created by fractures. Unstained section. D) Aragonite micrite 
matrix o f m ud  breccia crusts with peloid (yellow arrow) included in fine crystalline aragonite 
that has precipitated in a circumgranular void around the peloid. Small black spots in the 
lower left o f the image are pyrite crystals (green arrow). E) Aragonite botryoids that are found  
in fractures and voids. F) Rock fragments with circumgranular void, incom pletely cemented  
by clear aragonite needles. G) Finely laminated feature o f uncertain origin. Small black dots 
in the structure are small pyrite  crystals (yellow arrows). Diffuse light. Continued on next 
page
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around rock fragments and peloids. These voids are mostly cem ented by fibrous to prismatic 
aragonite (Fig. 5.2F). The cements grows outw ard from the micritic matrix tow ards the center 
of the voids and cracks.

Banded structures of uncertain origin are also present w ithin the matrix (Fig. 5.2G): they 
consist of finely laminated structures that are associated with high am ounts of pyrite and are 
therefore believed to be organic (e.g. fossil plant debris) or bacterially-mediated (e.g. bacterial 
mats).

Some aragonite fans have a radaxial fibrous appearance that contains ghosts of thin acic
ular crystals. Therefore, these seem to be recrystallized, although the original texture is still 
visible. Bioclasts cemented in the matrix however are unaltered. Cold cathode luminescence 
microscopy indicates that all aragonite phases are non-luminescent. Thus, there are few signs 
of matrix recrystallization of the crusts. However, within the matrix, small (micron-sized) 
red luminescent crystals are present (Fig. 5.2H). In some areas, large clusters of micron sized 
bright-red luminescent crystals are present (Fig. 5.21); This may indicate the formation of 
microdolomite.

Bulk XRD analysis indicated that the main carbonate mineralogy is aragonite, while no 
other carbonate minerals were detected (Fig. 5.3A).

In general, the crusts from Kidd MV can be described as (fossiliferous) intrapelmicrites 
(classification after Folk, 1959).

The small nodular crusts from M eknes MV consist of a fine gray microsparitic matrix (Fig. 
5.2J) which is made up of equant non-ferrous calcite crystals (Fig. 5.2K). Allochems (micritic 
peloids, few bioclasts (< 1% except for samples that contain large pieces of coral debris)), 
accessory minerals (quartz) and rock clasts (quartzite, siltite, up to 1 mm in size) float in the 
matrix. In some samples, void filling fibrous aragonite is overgrown by microsparitic cem ent 
(Fig. 5.2L).

The crusts have a high intercrystalline microporosity (40%). Small am ounts of micro
dolom ite crystals have been formed in fine cracks and circum granular dissolution voids. 
Patches of microdolomite occur dispersed in the matrix, resembling the microdolomite that 
w as observed in incompletely filled voids and cracks. Therefore, these patches of micro-

Figure 5.2: Continued - H) Transmitted light (lower left) and CCL (upper right) image o f  
the matrix o f the Kidd m ud  volcano crusts. The matrix is non-lum inescent apart from small 
crystals with bright red luminescence. CCL image taken at 7.54 kV, ~  280 pA , 120 seconds 
exposure. I) Transmitted light and CCL image o f microdolomite form ed in void , with bright 
red luminescence. CCL image taken at 9.7 kV, ~  250 pA , 120 seconds exposure. J) Texture 
o f the M eknes m ud  volcano crusts. K) Detail o f the matrix in diffuse light to enhance the 
granular appearance o f the calcite microspar. L) Granular calcite grow ing over previously  
form ed aragonite fans.
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dolomite may correspond to completely filled (dissolution) voids. A few larger euhedral 
dolom ite crystals (~10 p m ) are found in the matrix. Framboidal pyrite (< 2%) has been ob
served as dispersed clumps in the matrix. They sometimes are partly oxidized.

All carbonate phases in the samples from Meknes MV are non-luminescent, except for the 
euhedral dolom ite crystals that have a bright red luminescence. Bulk XRD analysis confirms 
that the main carbonate mineralogy is high-Mg calcite (with 11 mol% MgCC>3 based on the 
[104] value (Fig. 5.3A), Lumsden (1979)).
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Figure 5.3: X-ray diffractograms o f carbonate crusts and chimneys (bulk). A: Moroccan m ud  
volcano crusts. B: Pen Duick Escarpment and M O A samples. C: Crusts (CA29, CA30) and 
chim neys (CA40, CA44, CA50) from Hesperides MV. The num bers "CA" refer to individual 
sample specimens. PDE = Pen Duick Escarpment; M O A = Mediterranean O utflow  Area; 
H esp = Hesperides MV.

Pen D u ic k  Escarpm ent The sampled crusts consist of grayish to brownish lithified (silty) 
m ud (Fig. 5.4A), w ith variable inclusions of large bioclasts (visible bivalve shells, coral and 
crinoid stalk fragments, gastropods) to mm-sized bioclast debris. The crusts display bioero
sion traces. Remains of biota that had attached to the surface, such as bryozoans, corals and 
bivalves, are found on the surface of the crusts. One sample was found at 20 cm depth in
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Figure 5.4: Petrography o f Pen Duick Escarpment crusts. Continued on next page.
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olive-grayish clay in a boxcore on the southw est slope of the carbonate mound. This crust 
consisted of less well lithified m ud (Fig. 5.4B) including a partly dissolved deep-water coral 
fragment. No bio-erosion traces were observed.

In thin section, the crusts are m ud-supported fossil-bearing micritic limestones (wacke- 
stones (Fig. 5.4C) to m udstones (Fig. 5.4D). The non-carbonate constituents include detrital 
quartz and feldspar, iron oxihydroxides clusters resulting from pyrite oxidation, and glau
conite. Fossil content includes bivalve shell debris, echinoderm spikes, planktonic forams, 
bryozoans and undeterm inable debris. The crust sampled from the subsurface contained 
pyrite clusters. The fossil content is not recrystallized (Fig. 5.4E), although micritization (Fig. 
5.4C) has occurred in some cases, as well as dissolution of some bivalve shells. Fossil shells 
are mostly non-luminescent, in contrast to the red luminescent matrix (CL, Fig. 5.4F-H). Some 
bivalve and foraminifera shells have a dull orange-red luminescent outline (Fig. 5.4H) (a cou
ple of tens of microns wide) at the inner side of the chambers. Some bivalve shells are dull 
red luminescent. Many micron-sized, crimson red dull luminescent 'spots' are present in the 
matrix. Sometimes, these 'spots' form large clusters. Some larger luminescent crystals (up 
to 0.2 mm) have bright orange interiors, w ith less bright red outer rims. These 'spots ' and 
clusters may be microdolomite crystals.

Results from bulk XRD analysis indicate variable carbonate mineralogy. The wackestone 
mainly consists of low-Mg and high-Mg calcite (12 mol% M gC03 based on Lumsden (1979); 
Fig. 5.3B), w ith some dolomite, while the m udstones consists of dolomite and low-Mg calcite. 
The m udstone sampled from the subsurface displays a strong low-Mg calcite peak. Deep- 
w ater coral fragments present in the sample may have caused this signal, if the aragonite 
skeleton were previously replaced by calcite.

M e d ite rra n e a n  O u tf lo w  A rea The carbonate crusts and chimneys from the M editerranean 
Outflow Area, west of Tanger (Fig. 5.1), consist of carbonate-cemented sandstones. The crusts 
are weakly to very well lithified yellowish-brown portions of sandy host sedim ent w ith a

Figure 5.4: Continued  - A. Carbonate crust sampled at the seafloor on the Pen Duick Es
carpment. B. Carbonate crust sam pled 20 cm below the seafloor in olive-gray m ud. C. Typ
ical matrix o f carbonate wackestone from the PDE, with dissolved and micritized bioclasts. 
D. Typical matrix o f carbonate m udstone, with cracks and voids. E. Detail o f an unaltered 
foraminifera shell in a stained thin section. Pyrite is present inside the foraminifera shell (yel
low  arrow). F-G: Tranmitted light (upper right) and cold cathodoluminescence image (lower 
left; 9.50 kV, 220ÎijA, 120 sec) o f carbonate crust. The matrix is dull red-orange luminescent, 
with m any small (crimson) red crystals present. H: Tranmitted light (upper right) and cold 
cathodoluminescence image (lower left; 9.50 kV, 220IijA, 120 sec) o f  carbonate crust with lu 
m inescent and non-lum inescent bioclasts. The bioclast in the center o f the image has a red 
lum inescent rim along the inner parts o f the shell (yellow arrow).
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0.32 mm

0.2 mm.

Figure 5.5: Petrography o f Mediterranean O utflow  Area crusts. Continued.
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dark brow n to blackish outer coating (Fig. 5.5A). The samples have sizes up  to 10 cm thick 
and 15 cm long. Most of the crusts have been colonized and bored by benthic organisms (e.g. 
bryozoans and corals). The single carbonate chimney fragment that was analyzed (Fig. 5.5B), 
was 15 cm high and 10 cm in diameter with a central open conduit of 2 cm wide. Its outer 
appearance was similar to the massive black coloured crusts.

Thin sections show micritic m atrix-supported fossiliferous cemented sand and silt (mud- 
to wackestones; Fig. 5.5 C-J), with other detrital components like (oxidized) glauconite (~  
2%), feldspar, detrital calcite and dolomite grains. The m atrix/cem ent is a brownish dolomite- 
ankerite micrite to microsparite (20-60%) with an orange-brown dull luminescence. Brown 
clouds of iron oxihydroxides (Fig. 5.5D) are present which may explain the overall brownish 
colour of the micrite m atrix/cem ent (Fig. 5.5E). Quartz and glauconite grains are locally ar
moured with a fine rim of clear authigenic dolomite. Both the in- and outside of foraminifera 
tests and also fine fractures, record different additional cement phases (Fig. 5.5G-I). Inside 
foraminifera tests three different cement zonations were observed, i.e. (1 ) a fine, clear, un 
stained, blocky dolomite rim is present in most foraminifera tests. It has an orange-brownish 
luminescence which is similar to the matrix luminescence. The phase also fills the perforations 
in the foraminifera tests; (2) further inside, a blue stained dolomite phase is often present. This 
phase has a micritic to fibrous appearance and a dark red luminescence, w ith low to medium 
intensity; (3) the innerm ost phase is made up of a clear, blocky, unstained dolomite phase 
with bright orange-red luminescence. Not all phases occur in each foraminifera test. The 
foraminifera tests themselve are not recrystallized and are not luminescent.

In cemented fractures, the earliest dolomite phase consists of euhedral dolomite crystals 
with a brownish luminescence of low intensity. Faint zonations can be observed. The sub
sequent cement phase, along the center of the fracture, consists of bright red luminescent 
microdolomite (Fig. 5.5J). The remaining porosity of the crusts and chimney is low (< 5%) 
and consists of incompletely cemented biomolds and uncem ented fine fractures.

Figure 5.5: Continued - A. Carbonate crust sample. B. Carbonate chimney sample. C. 
O verview  o f carbonate m udstone matrix with partly oxidezed pyrite clusters (yellow arrows). 
Pyrite concentration running in a band from top to bottom in the center o f the image (green 
arrow). D. Detail o f matrix, show ing the microsparitic nature with interparticular pore space 
and partly oxidized pyrite clusters (yellow arrows). E. O verview  o f carbonate wackestone 
with high am ount o f bioclasts. Stained thin section. F. O verview o f carbonate cemented  
wackestone. Stained thin section. Diffuse light. G. Detailed view  o f late cem ent phases (yel
low  box; explanation: see text). Stained thin section. H. Transmitted light (lower left) and 
CCL (upper right) image o f matrix and late cem ent phases in foraminifera shell (yellow ar
row). I. Transmitted light (lower left) and CCL (upper right) image o f matrix and late cement 
phases in foraminifera shell (yellow arrow). J. Transmitted light (lower left) and CCL (upper 
right) image o f matrix and dolomite phase in fracture (yellow arrow).
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Bulk XRD analyses (Fig. 5.3B) indicate that the main carbonate mineral present in the 
sample is an ankerite-dolomite phase. The [104] spacing of this phase is between 2.906 and 
2.914 Á, well above the values for stoeichiometric dolomite (2.886 Á) and ankerite (2.901 Â), 
which cannot easily be explained. The [101] peak of quartz is strong in all samples.

H esperides m ud volcano The carbonate chimneys sampled at the H esperides MV have a 
huge diversity in sizes, ranging from a few centimeters to decimeters wide, and with lengths 
up to one meter. The shapes are very diverse (Fig. 5.6A): straight, bended, or helical, with 
singular columns, branching shapes, w ith cemented or open conduits, w ith or w ithout nodule 
protuberances. This diversity of carbonate chimney morphology is not uncommon, and was 
already described for other samples from the Gulf of Cadiz (Diaz-del Rio et al., 2003).

From different samples, slices were cut for further analysis (Fig. 5.6B, 5.6C). The chimney 
slices were all m ade perpendicular to the vertical axis, which allows investigating possible 
lateral changes from the central conduit towards the outer edge of the structure.

Most of the samples have a brownish colour with a 1 millimeter thick, dark brown to 
blackish outer coating. Most of the slices are transected by cracks, mostly sub-concentric, 
although radial cracks occur. One sample is a small grayish chimney slice, with dark gray 
coloured concentric 'bands' around the cemented conduit. The outer edge is light brown 
coloured.

In thin section, the samples are made up of an orange-brown micritic to microsparitic 
carbonate m ud matrix with floating grains (variable am ounts of quartz, feldspar, clastic car
bonates, pyrite, glauconite; Fig. 5.6D) and bioclasts (mainly micritized foraminifera, in some 
cases completely dissolved, Fig. 5.6E). The matrix is dull orange luminescent (Fig. 5.6F, 5.6G). 
The distribution of the allochems is heterogenous due to bioturbation. Burrows contain no or 
little allochems (Fig. 5.6D). The chimneys can be classified as carbonate m ud- to wackestones.

Many cracks of different w idth crosscut the samples. The wide cracks (~  0.2 mm and 
wider) are often filled w ith material similar to the surrounding material. Sometimes, the 
colour is less brownish but rather gray, however, heavy extensive iron oxihyroxide staining 
sometimes colours the infill dark brown. The fine cracks are clear in appearance, and filled 
by microsparitic carbonate. This latter phase often has a brighter orange luminescence than 
the rest of the matrix.

Fine-grained pyrite occurs throughout the matrix of some samples (Fig 5.6H, I), often sur
rounded by patches of iron oxihydroxides, which are possibly a product of pyrite oxidation. 
In some cases, pyrite oxidation is complete and lum ps of iron oxihydroxides remain. Pyrite 
is also associated w ith some of the cracks (Fig. 5.6J). Euhedral microdolomite (< 5/un) is ob
served w ithin small cavities in some samples, as well as inside foraminifera tests, associated 
with iron oxihydroxides.

Only some of the thin sections reflect the concentric nature of the chimney structures. In 
a single sample, the conduit infill consisted of bioclastic and peloidal carbonate cemented by
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Figure 5.6: Petrography o f Hesperides m ud  volcano chimneys. Continued on next page.
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microsparitic carbonate, with a high am ount of allochems (mostly quartz grains). The conduit 
area is surrounded by a clear microsparitic carbonate w ith some dissolution voids (porosity 
decreases outwards), and a lower am ount of allochems. Further outw ards, there is an abrupt 
change to a darker, cloudy micrite with few allochems.

The small grayish chimney has a matrix similar to the other (brownish) samples: it con
sists of micritic to microsparitic carbonate, w ith floating allochems, and few bioclasts. The 
matrix is similarly dull orange-yellow luminescent. Etching w ith an Alizarin Red-S and K- 
ferricyanide mix did not stain the sample, indicating a dolom ite matrix. The main difference 
is that in this sample, the pyrite content is very high (5-10%, estimate). The dark gray bands 
(visible on hand specimen) are actually concentric areas containing even higher am ounts of 
pyrite (20%, estimate). Fine cracks can be observed running parallel to these bands, w ith an 
elevated pyrite concentration along these cracks. U nder high magnification (50x), it can be 
seen how the pyrite is starting to oxidize, rendering the matrix brownish. At and near the 
edge of the sample, pyrite is completely absent, and the matrix has a yellowish to brownish 
colour due to the presence of iron oxihydroxide clouds (Fig. 5.6H, I). XRD of the samples (Fig. 
3C) indicates that the main carbonate mineralogy is dolomite-ankerite. Samples with a high 
fossil content have a clear low-Mg calcite peak.

The carbonate crusts from the H esperides m ud volcano site are very diverse both in size 
and appearance (Fig. 5.7A, B, C). Dimensions range from large blocks of multiple decimeters 
across to small crusts of 10 centimeters w ide and one centimeter thick. The macroscopic tex
ture ranges from porous hom ogenous brown, gray and white coloured crusts w ith a smooth 
outer surface that is variably stained by iron oxihydroxides, to brecciated cem ented crusts 
w ith an uneven and burrow ed outer surface w ith visible cem ented bioclasts like coral and 
bryozoan fragments.

The microscopic texture has a high diversity as well. A porous gray coloured carbon-

Figure 5.6: Continued  - A: Carbonate chim ney samples; note the diversity in size and shapes. 
The outer rim o f the samples is coated blackish brown by iron oxihydroxides. B-C: Slices 
through chim ney samples used for further analysis w ith concentric (B) and radial (C) cracks. 
D: Typical view  o f chim ney matrix in plain transmitted light w ith bioturbation traces (yellow  
arrows) where allochems are m ostly  absent. E: C him ney matrix in plain transmitted light 
with dissolved bioclast. F: Transmitted light (lower right) and CCL (upper right) image o f 
dull orange lum inescent matrix. G: Transmitted light (lower right) and CCL (upper right) 
image o f dull orange lum inescent matrix and non-lum inescent bioclasts. H: Transmitted light 
(upper left) and epilum inescent (lower right) image o f matrix with variable am ount o f pyrite  
(yellow arrows), reñecting the light. I: Detail o f transition in crust from reduced (lower part 
containing high am ounts o f pyrite; yellow  arrow) to oxidized part (upper part, no pyrite but 
only remaining iron oxyhydroxides; green arrow). J: Dark staining o f matrix (green arrow) by  
iron oxihydroxides that have migrated along and finally com pletely filled a fracture. Upper 
half is transmitted light, lower half is epilum inescent light.
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Figure 5.7: Petrography o f Hesperides m ud  volcano crusts. A: Carbonate m udstone with  
redox zonation: parly reduced (gray), partly oxidized (brownish). The boundary is rather 
sharp. B: Whitish-gray carbonate wackestone w ith dark outer rim, stained by  iron oxihy
droxides. C: Fossiliferous carbonate wackestone with the outside also stained by  iron oxi
hydroxides. D: Detail o f the matrix o f A  in transmitted light, show ing the transition from  
the oxidized part (lower half o f image) to the reduced part. E: Detail o f the matrix o f B with  
concentration o f pyrite precipitated in small cavities. F: Detail o f the matrix o f C, w ith dark 
staining by iron oxihydroxides and m any unaltered bioclasts. G: Detail o f the m atrix o f A  
in transmitted light (left side) and epiluminescence (right side) show ing the presence o f light 
reflecting pyrite  (yellow arrows: pyrite appears opaque in transmitted light; green arrows: 
pyrite reflecting light) in the foram tests. H: Detail o f the matrix o f B in transmitted light 
(upper right) and CCL (lower left) show ing the dull orange lum inescent matrix, with red lu
m inescent dolom ite crystals. I: Detail o f the matrix o f C in transmitted light (upper right, 
similar to F), and CCL (lower left) image. Fossils are non-lum inescent although a fine dull 
red lum inescent overgrowth on the in- and outside o f the shells is present
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ate crust consists of carbonate m udstone (Fig. 5.7D) (micrite to microsparite, w ith a dull 
yellow-brown luminescence) in which fossil shells (foraminifera tests) have been selectively 
dissolved, generating biomoldic porosity. The tests of the dissolved foraminifera are filled 
with pyrite (Fig. 5.7G). Most abundant allochems are floating quartz grains (< 5%). A brow n
ish coloured part of the crust has a similar texture, apart from the presence of iron oxihydrox
ides derived from (partial) pyrite oxidation. The transition between the reduced (gray) and 
oxidized (brown) zone is very sharp. XRD indicated that the main carbonate mineralogy is 
dolomite. No other carbonate phases are detected (Fig. 5.3C).

A different white to light gray coloured sample consists of a cloudy micrite matrix with 
floating quartz grains and bioclasts (Fig. 5.7E). The dull yellow to orange lum inescent matrix 
contains dispersed pyrite which is partly oxidized (Fig. 5.7H). Staining of the fossils indicate 
that the original calcite mineralogy has been preserved, which may indicate that no recrystal
lization has occurred in this sample. High-Mg calcite was the only carbonate mineral detected 
by XRD (Fig. 5.3).

A porous, dark brown crust with eroded outer surface due to boring activities of biota, 
consists of a lithified fossiliferous ooze (Fig. 5.7F). Bioclasts include foram shells (sometimes 
filled with matrix material or iron oxihydroxides), bivalve shell fragments, crinoid fragments 
and echinoid spines. The foraminifera were identified as recent species (pers. comm. David 
Van Rooij, RCMG, Ghent Univ.). The micritic matrix is rendered dark brown by iron oxi
hydroxides. The aom unt of detrital com ponents is low (< 10%) and consists of quartz and 
feldspar. Dolomite of uncertain nature is present. Small cracks in the crust often are associ
ated with pyrite and iron oxihydroxides. Fossils are non-lum inescent although a fine dull red 
luminescent overgrowth on the in- and outside of the shells is present (Fig. 5.71). The matrix 
itself is dull crimson red, with dispersed bright red spots.

5.3.2 Bulk geochem istry  (AAS)

G e n e ra litie s  The results of the analysis on the carbonate samples are given in table 5.1. The 
details of the analysis were given in chapter 3.

M g/C a versus S r/C a ratios are plotted in Fig. 5.8A, and indicates 3 fields: low M g/C a - 
high S r/C a (corresponding to the aragonite cemented samples), low-m edium  M g/C a - low 
S r/C a (the high-Mg calcite cemented samples) and high M g/C a - low S r/C a (the dolomite- 
ankerite cemented samples). The plots in Fig. 5.8 and Fig. 5.9 visualize various couples 
of geochemical param eters, differentiating between samples from H esperides MV and the 
Moroccan margin (incl. PDE, MOA, Meknes MV and Kidd MV).

Calculation of the cross-correlation coefficients for the complete geochemical dataset (Ta
ble 5.2) gives some first indications about possible trends between different m easured vari
ables. The correlation coefficient R is a measure of the quality of a linear curve fitted to the 
dataset. The significance of the correlation coefficient R is expressed as p-values for testing the
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Figure 5.8: Plots o f different geochemical parameters for crusts and chimneys from the Gulf 
of Cadiz. * =  Samples from the Moroccan margin; o= samples from the Hesperides MV.

Hq hypothesis of no correlation (R =  0). The best correlations (R closest to -1 or 1) w ith high 
significance (p < 0.05, Ho: R=0) are found between AÍ and K (R=0.95), Ca and Sr (R=0.82), 
Fe and Zn (R=0.81), Ca and Mg (R=-0.80). O ther significant but less good correlations were 
found between Ca and Fe (R=-0.64), Ca and Mn (R=-0.67), Mg and Mn (R=0.66), Fe and Mn 
(R=0.71), Mg and Sr (R=-0.75), Ca and Na (R=0.67), Mg and Na (R=-0.67). O ther correlations 
were less significant (see table 5.2).

A principal component analysis (PCA) w ith varimax rotation was perform ed on the dataset. 
The two first principal components (PC's) explain 69.9% of the total variance in the dataset. 
PCI corresponds with relatively high contributions from Ca and Sr, and low contributions 
from Fe, Mn, Mg, Zn, AÍ and K. PC2 corresponds to relatively high contributions from Pb, K, 
AÍ, Na, and Zn, and relatively low contribution from Mg. When the data are projected in PC- 
space (PCI, PC2; Fig. 5.10), it appears that the samples from the Moroccan m ud volcanoes, as 
well as the Pen Duick Escarpment are positively determ ined by principle com ponent 1 (PCI). 
Most of the samples from the M editerranean outflow area (MOA) and the Hesperides MV 
have a negative score for PCI, but are spread over a w ide range for PC2. It appears that on 
average, the MOA samples have a lower PC2 score than the Hesperides MV samples. The
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Table 5.2: Cross-correlation coefficients between variable pairs o f overall dataset (n=40; Ho: 
R=0; p<0.05).

Mg Fe AÍ Na K Mn Sr Zn Pb
-0,643 -0,633 0,674 -0,588 -0,674 0,820 -0,568 0,175 Ca
0,354 0,463 -0,669 0,481 0,664 -0,752 0,285 -0,214 Mg

0,473 -0,385 0,500 0,706 -0,483 0,811 -0,162 Fe
-0,294 0,946 0,434 -0,565 0,537 0,078 AÍ

-0,265 -0,531 0,572 -0,225 0,215 Na
0,472 -0,526 0,537 0,116 K

-0,508 0,483 -0,269 Mn
-0,521 0,244 Sr

-0,024 Zn
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Figure 5.9: Geochemical data plots for individual samples derived from the Moroccan m ar
gin. The num bers in the legend refer to individual sample specimens corresponding to the 
num bers in table 5.1
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Figure 5.10: Principal com ponent p lo t (horizontal axis: PCI; vertical axis: PC2) o f the geo
chemical parameters. See text.

division of the samples in different areas (Fig. 5.10) coinciding w ith their provenance is strik
ing. It shows that the samples from different locations/settings are geochemically different, 
and thus that the sources, environm ent a n d /o r  processes, leading to carbonate precipitation, 
at these various location are different as well.

Moroccan mud volcanoes The cemented carbonate crusts from the Moroccan m ud volca
noes have the highest Ca (20.48 -  23.12 wt%) and Sr (1285 -  4314 ppm) contents of all samples, 
and lowest Mg (0.28 -  2.62 wt%) and Fe (0.55 -  0.71 wt%) content. K (1392 -  2061 ppm), AÍ 
(0.49 -  0.70 wt%), Zn (14 -  24 ppm) and Mn (71 -  148 ppm) contents are among the lowest 
within the dataset, while Na (2327 -  4276 ppm) content is among the highest.

Strong correlations are found between the contents of IR and Na (R = 0.97), Sr and Zn (R 
= -0.92), Mn and Sr (R = 0.91), Mg and Sr (R = -0.89), Ca and Mn (R = -0.85). Although these 
correlation coefficients are significant at the 95% confidence level, caution during interpreta
tion is necessary because of the small sample size (N = 5). Correlations between K and AÍ 
resp. Fe and Zn are weak (R2 = 0.47 respectively 0.59). The cemented m ud breccia samples 
have the highest S r/C a ratios, varying between 2.87xl0~3 and 8.99xl0~3; the M g/C a ratios 
are the lowest within the dataset (varying betw een 0.035 and 0.232). This corresponds to the 
aragonite (Kidd MV) and calcite (Meknes MV) mineralogy of these samples.
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Pen Duick Escarpment Only three samples from Pen Duick Escarpment were analysed by 
AAS. The samples have an intermediate to high insoluble residue (12.39 -  23.88 wt%), high 
Ca (18.92 -  20.37 wt%) and low to intermediate Mg (2.88 -  6.33 wt%) and low Fe (0.88 -  1.55 
wt%), Mn (115 -  199 ppm) and Sr (579 -  647 ppm) contents. S r/C a ratios are low (1.37xl0- 3  -  
1.56xl0-3 ), and M g/C a are rather high (0.233 -  0.551).

Mediterranean Outflow Area In general, the Ca (14.99 -  16.11 wt%), Sr (408 -  623 ppm) 
and Na (1092 -  2651 ppm) contents are lower than in the samples described in the previous 
sections. Mg (3.92 -  6.62 wt%), Fe (2.02 -  6 .8 6  wt%), Mn (286 -  794 ppm), AÍ (0.7 -  1.04 wt%), 
K (2122 -  3611 ppm) and Zn (28 -  61 ppm) contents are intermediate to high compared to the 
complete dataset.

K and AÍ are strongly correlated (R = 0.99; N = 15), as well as Sr and Na (R = 0.86). IR 
and K (R = -0.81), Mg and Na (R = -0.82), Fe and Zn (R = 0.80) are less well correlated, but 
still significant at the 95% confidence level. The carbonate crusts have intermediate to high 
M g/C a ratios (0.401 -0.705) and low S r/C a ratios (1.24xl0~3 -  1.77xl0-3 ).

In the analyzed chimney specimen, a concentric pattern of geochemical param eters was 
observed. The observed pattern shows that the samples near the conduit of the chimney have 
a lower content in Fe, Zn, Na and Sr (to a lesser extent) than the samples more towards the 
outside. The content in Mg was observed to be higher in the center than on the outside. The 
Ca content did not display such a trend.

Hesperides mud volcano Slices of 3 different carbonate chimneys and 2 carbonate crust 
were analyzed, with in total 18 measurements.

For the chimney samples, the Ca (14,52 -  16.93 wt%) and Sr (393 -  612 ppm) contents are 
similar to the MOA samples. The Mg (4.70 -  8.48 wt%) contents are am ong the highest of all 
samples, while Fe (2.05 -  8.22 wt%), Mn (318 - 1035 ppm), AÍ (0.64 -  0.95 wt%), K (1940 -  3258 
ppm) and Na (1233 -  2286 ppm) have a rather high range.

K and AÍ are strongly correlated (R=0.97). O ther correlations are rather weak (R>0.7 or 
R<-0.7 and significant at 95% level): Ca and Na (R=0.74), IR and Sr (R=0.74), IR and Fe (R=- 
0.71), Mg and Sr (R=-0.71), Fe and Mn (R=0.70) Ca and Mg (R=-0.70). The correlation between 
Fe and Zn is even weaker (R=0.67). The carbonate chimneys have high M g/C a ratios (0.497 -  
0.956) and low S r/C a ratios (l.llx lO - 3  -  1.8xl0-3 ).

The chemical param eters of the carbonate crusts have values that largely fall w ithin the 
ranges of the chimney samples, except for the whitish high-Mg calcite sample, which has 
higher Ca, Sr and Na contents, and lower Mg, Fe, Mn contents. Consistently with the min
eralogy, the M g/C a ratio is lower and the S r/C a ratio is higher compared to the dolomite 
chimney samples.

Within the chimney samples, concentric chemical patterns are not as clear as for the MOA 
samples. One sample has strong lithological differences between the outside and the conduit
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area of the chimney: the outer sample is stained by iron oxihydroxides, the middle sample 
is rather grayish, and the two innerm ost samples partly corroded or dissolved. The most 
prom inent trends are a decrease in Mg content from the out- to inside, and an increase of Fe 
in the same direction.

5.3.3 Bulk stable isotopes (carbon, oxygen)

The crusts from the Moroccan m ud volcanoes have 513C values in the range of -30 to -19 
%o and á l80  values between +2 to +5 %o. The samples from the Pen Duick Escarpment fall 
within this broad range as well. The MOA samples also have comparable <5I80  values. H ow 
ever, due to variable bioclast content, <J13C ranges from -25 to -5 %o. The least depleted carbon 
isotope compositions corresponded to samples w ith high bioclast contents.

The samples from the H esperides m ud volcano have heavier oxygen compositions, with 
Æ180  between +4.3 and +7%o. The carbon isotope composition has a very broad range, with 
á13C between -15 and -50 %o. The crust samples form a small subcluster within the broad 
range that are characterized by ¿13C values around -35 %o and the heaviest oxygen composi
tions, with 5180  between +5.5 and +7 %o. The <513C and <5180  values are plotted in Fig. 5.11. In 
Fig. 5.12, the theoretical precipitation tem perature corresponding with the <5180  values of the 
different samples is plotted (see also section 5.4.1), in function of the fractionation factor of the 
corresponding mineralogy and supposing that <5180  of seawater is +0.5 to +1.5 %oV-SMOW4 

(Diaz-del Rio et al., 2003).

5.4 Interpretation and d iscussion

5.4.1 Parental fluids of carbonate crusts and chimneys

Moroccan margin mud volcanoes A ragonite formation is typically linked to oxic condi
tions at or near the seafloor (Longman, 1980; Hovland et al., 1987; M atsumoto, 1990). The 
high sulfate availability at or near the seafloor favours aragonite over cakile or dolomite pre
cipitation. The aragonite micrite and the aragonite botryoids of the carbonate crusts from 
the Kidd mud volcano are indicative of rapid cem entation induced at many nucléation sites 
under high carbonate oversaturation conditions, close to or even at the seafloor (Given and 
Wilkinson, 1985; Burton, 1993).

The presence of framboidal pyrite can be explained by oxidation of organic m atter or hy
drocarbons coupled to sulfate reduction (implying anoxic conditions). The strong smell of hy
drogen sulfide during sampling is an indication of ongoing sulfate reduction. The produced 
sulfide is precipitated with ferrous iron as pyrite minerals. Clouds of small microdolomite 
crystals observed in these samples, may be produced in sites were sulfate levels have de
creased sufficiently.

4Oxygen isotope composition of fluids is expressed against the Vienna Standard Mean Ocean Water standard.
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Figure 5.11: Stable isotope plot (oxygen, carbon) o f the different samples in function o f their 
provenance. Strong clustering is observed.

Naehr et al. (2000) interpret the co-occurrence of aragonite and pyrite in samples from the 
Blake Ridge Diapir as a product of precipitation very close to the sedim ent-water interface in 
an oxygen depleted environm ent where the generation of bicarbonate by anaerobic methane 
oxidation resulted in oversaturation with respect to aragonite. However, pyrite is not ob
served in close association with acicular aragonite in the Moroccan Margin samples, which 
could indicate that their origins are not coeval.

Therefore, we propose that the pyrite and microdolomite, and possibly the aragonite 
micrite matrix formed under conditions where sulfate is reduced (coupled to anaerobic 
m ethane oxidation), in contrast to the the acicular aragonite crystals that formed in voids 
and cracks under oxic conditions. This bears evidence of the temporal fluctuation of the 
position of the oxic-anoxic boundary in the upper sediments.

Considering the brecciated appearance of the carbonate crusts, this fluctuation may well 
be linked to sedim ent overturning controlled by m ud volcano activity. The presence of dif
ferent generations of cracks and fractures, filled w ith aragonite crystals, bear evidence of re
peated episodes of cementation, (re)fracturing and recementation. This concurs with the fact 
that the crater of a m ud volcano is a dynamic environment: here, brecciation may occur when 
pressure build-up of trapped gases in the m ud volcano plum bing system exceeds the strength 
of the cemented or lithified m ud breccia, and break up the crusts by vigorous ascent. Kidd

chimneys

crusts
o Kidd MV
X Meknes MV
V MOA
A PDE
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MV is surrounded by highly fluidized m ud flow deposits, which are additional evidence for 
such past activity (Van Rensbergen et al., 2005a).

The high S r/C a and low M g/C a ratios of the crusts are consistent with the aragonite 
mineralogy. K and AÍ are correlated and likely relate to partial dissolution or corrosion of 
clays during sample dissolution despite the use of diluted HC1 (IN). Due to the absence of an 
identified ferrous carbonate phase, it is doubtful that Fe is derived from the carbonate phase. 
Fe (and Zn) may initially be advected during deep fluid ascent (episodes of m ud volcano 
activity), or may have been derived from the host sedim ent in relation to reducing conditions 
during w ater/rock interactions. In a sulfate reduction environment, Zn-bearing pyrite may 
have been precipitated. Subsequent oxidation under aerobic conditions could generate Fe- 
Zn-oxyhydroxides, which could be a source of Fe and Zn during the sample dissolution. The 
strong correlation between Fe and Zn, and the absence of correlation between Fe or Zn with 
K or AÍ, suggests that Fe and Zn are not derived from clays, in contrast to AÍ and K.

The bulk oxygen isotope composition of most the samples from Kidd MV can be a result 
of precipitation in equilibrium with seawater (Fig. 5.12), taking aragonite fractionation 
(Grossman and Ku, 1986) into account. It can be assum ed that seawater <5180  lies between
0.5 and 1.5%o (Diaz-del Rio et al., 2003) and seawater tem perature between 13 and 15°C.

For some samples however, either a heavier fluid oxygen composition or a higher pre
cipitation temperature (up to 17°C) w ould be needed to explain the observed oxygen isotope 
composition. Considering the setting of a m ud volcano crater, a tem perature increase of a 
couple of degrees near the seafloor can be achieved during m ud volcano activity involving 
ascending fluids. Alternatively, the increase in <5180  may be caused by clay dehydratation: 
l80  is expelled from smectite as it is transformed into illite. Hensen et al. (2007) identified 
this process as the major fluid source in different m ud volcanoes in the Gulf of Cadiz. A third 
possibility is that l80 -rich waters were derived from destabilized gas hydrates, as a conse
quence of m ud volcano activity. Gas hydrate stability is possible in m ud volcanoes in this 
area (Depreiter et al., 2005). Upon gas hydrate destabilization, a large am ount of hydrocar
bon gas (mainly methane) and 180-rich  w ater is released. If these hydrates previously formed 
in equilibrium with seawater (taking into account fractionation factors for gas hydrate forma
tion; Davidson et al., 1983; M atsumoto and Borowski, 2000), then the observed 5180  signature 
can also be explained by decomposition of these hydrates.

The carbon isotopic composition indicates variable mixing between a depleted carbon 
source (~  -30%o or less), and a less depleted source, such as a marine organic carbon source 
(~  -20%o), or dissolved inorganic carbon derived from seawater (~  0%o). Since very depleted 
carbon (e.g. derived from microbial m ethane (-50%o and less) has not been encountered and 
considering that the crusts are derived from a m ud volcano crater, thermogenic methane, 
marine OM and marine DIC are deem ed to be the m ost likely carbon sources contributing to 
the total carbon pool.
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Figure 5.12: Relation between oxygen stable isotope composition, m ineralogy and precipita
tion temperature. The curves on the graph represent the stable oxygen isotope composition 
o f the carbonate samples in function o f the precipitation temperature, the m ineralogy and the 
stable oxygen isotope composition o f the parental fluid. The curve is described by the func
tion shown on top o f the graph. For each mineralogy, different parameters are used (listed 
in the upper right com er o f the graph). Therefore, different mineralogies lead to slightly dif
ferently shaped curves. For each mineralogy, two curves are plotted: the upper one using 
a stable oxygen isotope composition o f the fluid o f il.5%0, the lower one using 0.5 %o. These 
values concur with the seawater oxygen isotope composition range as published by Diaz-del 
Rio et al. (2003). Each horizontal line represents the oxygen isotope composition o f an in
dividual sample. For each sample, the horizontal is plotted between the two curves o f the 
corresponding main carbonate mineralogy. In the horizontal axis, the precipitation tempera
ture range can be read, supposing a seawater fluid composition. The seawater temperature 
range is plotted by  two vertical range. I f  the precipitation temperature o f the sample lays 
within the seawater temperature range and the seawater oxygen composition range, then the 
sample m ay have been formed in equilibrium with seawater, near or at seafloor temperature 
conditions. I f  the sample temperature range is left o f  the seawater temperature range, then 
the carbonate was form ed at a lower temperature, or the parental fluid had a higher oxygen  
isotope signature. I f  the samples p lo t at the right o f the seawater temperature range, then 
either they form ed at an elevated temperature or from heavy oxygen depleted source. The 
specific samples and locations are discussed in the text.
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The observed synsedimentary to early diagenetic brecciation and recementation of the 
carbonate crusts are indicative of a relatively vigorous ascent of fluids. Aragonite micrite 
likely forms in an initial stage, and as sulfate concentrations decrease due to oxidation 
of advected methane, microdolomite formation becomes possible. As sulfate reduction 
locally becomes dominant, sulfides precipitate. Large acicular aragonite is formed in a later 
stage (after a brecciation event) in cracks and fractures, m ost likely under oxic conditions.

The macro- and microscopic texture and mineralogy are thus indicating carbonate crust 
formation under variable circumstances: an episodically violent environm ent in which 
rapid carbonate precipitation is favoured, alternating w ith quiet periods during which a 
more reduced precipitation prevails, is proposed as a likely early diagenetic setting.

The samples from M eknes m ud volcano mainly consist of high-M g calcite w ith presence 
of microdolomite crystals. It is unclear if the microdolomite is a prim ary product or is a 
recrystallization product of high-Mg calcite. The presence of pyrite suggests a local reducing 
environment. Reported depths of the sulfate reduction zone range from 10 to 30 cm below 
the seafloor (Bileva and Blinova, 2003). High-Mg calcite (HMC) is also typically created under 
suboxic conditions. The equant HMC likely reflects a slow precipitation due to a lower supply 
rate of bicarbonate (Given and Wilkinson, 1985).

Therefore, it is proposed that the nodular crusts mainly formed in the shallow subsur
face, in the upper part of the sulfate reduction zone, where sulfate activity was too high 
for dolomite to form, alternating with periodes of stronger sulfate depletion during which 
microdolomite could form.

The oxygen isotope composition of the Meknes MV samples can be a result of precipitation 
in equilibrium with seawater w ith a tem perature of 0.5 to 6  °C, taking the calcite fractiona
tion factor (Friedman and O'Neill, 1977) into account. However, this tem perature is at least 
5 degrees too low for this sampling location. The <5180  of the parental fluid was heavier than 
seawater (~  2.5 -  3%o V-SMOW) if precipitation occurred under present-day oceanographic 
conditions (10°C). Thus, involvement of 180  enriched water, such as derived from the desta
bilization of gas hydrates, or clay transformations cannot be excluded (see discussion above). 
A lthough we cannot be conclusive of the exact fluid source, the oxygen source is a non-marine 
(deep-sourced) pore fluid.

The carbon isotope compositions of these crusts vary around -23 to -24%o. Similar carbon 
sources as for the Kidd MV samples can be proposed, although the mixing of the different 
sources m ust have led to a larger uniformity in Meknes MV than in Kidd MV.

From these individual observations and interpretations, it is suggested that the nodular 
crusts from Meknes m ud volcano formed during a period of m ud volcano inactivity, whilst 
a slow supply of bicarbonate from the oxidation of thermogenic methane. The influence of
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marine organic matter oxidation is less likely due to the non-marine signal of the <5I80  : a 
source of 180  enriched w ater is inferred, although we cannot be conclusive about its nature.

Pen Duick Escarpment The carbonate crusts, sampled at the seafloor, consist of micritic 
m ud- to wackestones. XRD analyses indicate the predom inance of dolomite in the m udstones 
and the presence of some dolomite in the wackestone. The red luminescent micritic matrix 
may also support the presence of Mn in the carbonate micrite, reflecting suboxic precipitation 
conditions. The broad dolomite [104] diffraction peak in the wackestone sample, may indi
cate the non-stoechiometric nature of the dolomite. W hether this relates to the alteration of a 
high-Mg calcite precursor is however unclear. In the m udstone sample, high-Mg calcite is ab
sent. There, the dolomite micrite may have completely replaced a high-Mg calcite precursor, 
or may be authigenic in origin. Dispersed bright red luminescent phases, precipitated on bio
clast substrates, were observed. Also, microdolomite crystals in the matrix were observed in 
cathodoluminescence microscopy, either as single bright red luminescent crystals, or as com
plete clusters. As reported in literature, the formation of dolomite micrite and microdolomite 
need a low-sulfate environm ent that can only be attained through sulfate reduction in the 
marine environment. If sufficient iron is present in the system, pyrite can precipitate. Iron 
oxihydroxides observed in the matrix, are likely products of pyrite oxidation.

The <5180  composition indicates that the carbonates precipitated in equilibrium with sea
water. The carbon stable isotope composition, ranging between -20 and -30%odoes not indicate 
biogenic methane as a major source of carbon. Thermogenic m ethane and organic matter, are 
likely the most im portant sources of depleted carbon.

Based on this information, it is proposed that the Pen Duick Escarpment crusts were 
formed in or below the sulfate reduction zone (coupled to m ethane and organic m atter ox
idation) through the formation of a dolomite micrite, which may reflect a high-Mg calcite 
precursor. Pyrite precipitated as co-product. In a later stage, this pyrite oxidized to a vari
able degree in an oxidizing environment, which led to the formation of iron oxihydroxides. 
This means that either the oxidizing agents penetrated the subsurface to a deeper level, or 
the crusts moved closer to the seabed — something that can be attained through erosion of 
the sedim ent above the crusts.

The observed dissolution of fossils may actually be related to the process of pyrite oxi
dation which generates large am ounts of acid, which in turn can locally promote carbonate
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dissolution through the following reactions:

2 FeS2 +  7 0 2 +  2 H20  — * 2Fe2+ +  4 S O |"  +  4H + 

4Fe2++ 0 2 +  4H+ — ► 4 Fe3++ 2 H20  

4 Fe 3+ +  12 H20  — ♦ 4Fe(OH)3 +  12 H+

(Reaction with oxygen) 

(Ferrous to ferric iron) 

(Hydrolysis)

FeS2 +  14Fe3+ +  8H 20  — * 15Fe2+ +  2 SO 2 +  16 H+ (Reaction of ferric iron and pyrite)

In an individual crust sampled from a shallow subsurface position, dolomitization is less 
pronounced than in seafloor samples. Included coral fragments are partially dissolved, and 
other bioclasts have undergone micritisation. XRD indicates low-Mg calcite next to a small 
am ount of dolomite as main carbonate components. High-Mg calcite is not observed. The 
crust itself was less well lithified and brittle and may represent an earlier stage of the other 
crusts, with ongoing authigenic dolomite micrite formation that is lithifying the mud. The 
dissolution of the coral fragment may be due, rather than to pyrite oxidation since no pyrite 
or iron oxihydroxides are observed in the sample, to local acid generated through organic 
m atter oxidation coupled to sulphate reduction:

S 0 42- +  2 <CH20  > — » 2 HCCV +  H2S *=* 2 H C 03"  +  H+ +  HS “

This could indicate that sulfate reduction both happens coupled to organic m atter oxida
tion and thermogenic methane oxidation. A small am ount of acid generation is enough to 
undersaturate and dissolve aragonite (Walter and Burton, 1990; Tribble, 1993). Since sulfate 
reduction coupled to methane oxidation does not generate acidity,

S 0 42" +  CH4 — ♦ HCO3-  +  HS “ +  H20

dolomite precipitation is promoted due to the increase of total alkalinity. Alternatively, the 
dissolution could be a result of oxic organic m atter oxidation,

CH20  +  0 2 — ♦ C 0 2 +  H20  ?=* HCO3-  +  H+ 

which also creates acidity.

M editerranean Outflow Area The carbonate crusts and chimneys from the M editerranean 
Outflow Area, mainly consist of m atrix-supported lithified sandstone w ith dolom ite/ankeri te 
micrite as matrix component. The luminescence of the matrix is dull yellow-brown, which co
incides w ith a low Mg -  high Fe ankerite phase as reflected in the bulk geochemical data. On 
average, the MOA samples have a higher Fe content and lower Mg content than the samples 
from Hesperides MV (see section 5.3.2), which also have an ankerite matrix.

There is evidence of multiple episodes of carbonate precipitation, or changing chemistry



5.4. Interpretation and discussion 125

during precipitation. Bioclasts, fine fractures and detrital quartz and glauconite often con
tain a fine rim of clear, unstained, authigenic blocky dolomite, often with euhedral crystal 
shapes. Its luminescence is similar to that of the matrix. Later dolomite phases have a dull 
to bright red-orange luminescence, respectively corresponding to a blueish stained and un
stained dolomite phase, both indicating a change from a ferrous dolom ite/ankerite to non- 
ferrous dolomite. This could mean that the ferrous iron present in the pore fluids became 
depleted during dolom ite/ankerite precipitation, or that the pore fluid became less reduced, 
which caused an increase in M n2+ concentration, relative to Fe2+. Since bioclasts are not re
crystallized, the ankerite/dolom ite matrix m ust be formed through selective replacement of 
a less stable micrite.

The bulk Fe, Zn and Mn contents of the samples are significantly higher than in the crusts 
from Pen Duick Escarpment or the Moroccan m ud volcanoes. This can be caused by the 
ankerite matrix, but also by the presence of glauconite a n d /o r  iron oxihydroxides in the sam
ples. However, the absence of a correlation between these elements and AÍ or K suggests that 
glauconite is not the source of Fe in the data. The influence of iron oxihydroxides cannot be 
excluded on the basis of these data alone although the weak correlation between Zn and Fe 
could mean that iron oxihydroxides (that scavenge a.o. Zn) were only weakly or moderately 
leached during analysis. A strong Zn and Fe correlation would indicate the opposite. Fur
thermore, the cold-cathode luminescence data indicates that ferrous dolomite or ankerite is 
indeed present in the samples.

The stable oxygen isotope composition (<5180  c = +2.98 to +5.36%o) suggests a precipita
tion between seawater tem perature and slightly elevated temperatures (up to about 22°C). 
These latter temperatures could be explained by either a precipitation at a depth up to ~  150 
m (based on a surface temperature of 13°C and a geothermal gradient : 60 m K /m (a typical 
background value for the North Atlantic Ocean; Sclater et al., 1980)), or by the ascent of deep 
w arm  fluids tow ards the seafloor. The presence of the dolomite matrix and absence of arag- 
onitic phases (as observed in the crusts sam pled in the m ud volcanoes) hints formation in 
reduced conditions. A position very close is therefore excluded. Given the m atrix-supported 
texture of the samples, and the fact that not all samples require a w arm  fluid to explain the 
oxygen isotope composition (mixing between seawater tem perature (13°C) and a warm er 
tem perature (22°C)), we conclude that the hypothesis of ascending warm  fluid is more likely 
to explain the observations than precipitation at great depths. Also, formation at great depths 
(~  150 m) would make it difficult to expose the samples at the seafloor after a period of ero
sion. The formation environm ent of the samples can be summarized as within the zone where 
sulfate is reduced, influenced by warm  ascending fluids, bu t still close enough to the seafloor 
to allow post-formation exhumation.

The carbon stable isotope composition from the carbonate crusts are somewhat depleted 
in heavy carbon (-7 to -15%o), and the samples from the carbonate chimney a little more de
pleted (-22 to -25%o). The least depleted samples are those with a high bioclast content, leading
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to a mixed signal between that of the matrix and bioclasts. Therefore, we infer variable mix
ing between carbon derived from bioclasts (~  0%o), organic m atter (-20%o) and thermogenic 
m ethane (-20 to -30%o). Admixture of biogenic methane may have been possible, but only 
in small amounts. We infer the oxidation of thermogenic methane as a source because the 
oxidation of organic m atter alone would not easily explain the presence of an extensive field 
of carbonate crusts and chimneys. Furtherm ore, the need for the advection of w arm  fluids or 
the destabilization of gas hydrates supports the likelihood of methane presence in the system.

H esperides m ud volcano The carbonate chimneys have open conduits, allowing seawater 
to make direct contact with the carbonates from the outside and inside after the exhumation 
of the chimneys from their host sediment. The areas that are most in contact with seawater 
do show a higher Fe, Zn, Na and Sr and a lower Mn, Mg content. This observation was also 
made in the MOA samples.

The carbonate chimneys from the Hesperides m ud volcano are carbonate m ud- to wacke- 
stones with a microsparitic matrix with a dull orange-red luminescence which is interpreted 
as ankerite or ferrous dolomite. This is supported by the XRD data.

Iron oxihydroxides have coloured the chimneys brownish and accumulations are some
times present along fine cracks. These oxihydroxides are m ost probably derived from partial 
oxidation of pyrite, a sign of sea-bottom exposure of the samples. Pyrite is still ubiquitous 
in the matrix. Bioclasts in the samples are not recrystallized which may indicate that the 
Fe-dolom ite/ankerite is precipitated directly from the pore fluids and not a product of re
placement.

Later Fe-dolom ite/ankerite phases, precipitated in fine cracks, have a brighter lumines
cence which could indicate a lower iron content in the parental fluid.

Although the matrix of most of the chimneys has a hom ogenous appearance, some sam
ples possess a concentric pattern. In such cases, the central conduit is filled with coarse detrital 
material (bioclasts, quartz grains) and cemented later than the surrounding parts of the chim
ney. This could indicate that the formation of chimneys is linked to a rather vigorous fluid 
expulsion capable of locally w innow ing or maybe even removing the host sedim ent from the 
conduit, before it became completely buried in the sediment, hence suggesting a formation at 
or near the seafloor.

The <5180  and <513C values of the carbonate chimneys are very variable: +4.5 to +6.5%o, 
respectively -17 to -50%o. Most of the samples have á13C between -25 and -45%o. The varia
tion within samples is most likely due to the variable inclusion of bioclastic material in the 
bulk sample that was analyzed. Still, the values clearly indicate a mixture of different carbon 
sources: i.e. microbially generated m ethane as a source of very depleted carbon is required, 
next to one or more heavier carbon sources, organic matter, bioclastic material and possibly 
marine DIC. The oxygen is enriched in 180  and this cannot entirely be explained by fraction
ation during precipitation in equilibrium with seawater. Therefore, a heavy oxygen source is
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needed to explain all observations. Similarly to the observations from the other locations, it is 
very difficult to be conclusive about this source, but gas hydrate stabilisation (also suggested 
in earlier work by citetSomoza2003, Diaz-del-Rio2003) or clay dehydration are the most likely 
candidates.

The carbonate crusts from Hesperides m ud volcano are much more diverse in nature than 
the chimneys. First of all, the mineralogy of the crusts can be high-Mg calcite, dolomite or 
ankerite. The high-Mg calcite crusts possibly formed in a zone where the sulfate concentra
tion was high enough to prevent authigenic dolomite formation. High am ounts of pyrite (as 
also reflected by the existence of iron oxihydroxides) in the high-Mg calcite crusts hint that 
sulfate reduction was ongoing and sulfides precipitated as pyrite. Most likely, the crusts were 
formed near the seafloor, which is supported by the high interparticular space in these sam
ples. Cementation in a deeply buried site w ith sulfate advection from a deep brine source 
would result in a more compacted host sediment, and hence in a packstone instead of a mud- 
to wackestone. The dolom ite/ankerite samples are petrographically similar to the carbonate 
chimneys. Hence, we suppose that they were formed under similar conditions, except that 
the precipitation occurred from diffuse gas present in the pore fluids instead of related to a 
focused flow.

Isotopically, the crusts have a much lower variation in both á13C and <i180  than the chim
neys but similar conclusions can be m ade as for the carbonate chimneys from this location.

Some crusts and chimneys display extensive pyrite oxidation, iron oxihydroxides de
posits, surface boring by benthic organisms (e.g. boring clams) and surface colonization by 
sessile organisms (corals, bryozoans). All these features indicate that these chimneys and 
crusts m ust have been laying on the seafloor for a time that allows colonization and bio
erosion, as well as chemical oxidation by seawater.

5.4.2 M odes o f fluid flow

Above, different morphological, geochemical and petrographical characteristics of carbonate crusts and 
chimneys that were derived from different environments were described. The variability in these char
acteristics can be used as a key to propose different settings and modes of fluid flow as well as related 
processes that are found in the Gulf of Cadiz: focused versus diffuse flow, strong versus weak flow, slow 
versus fast mineralization, next to variations in potential parental fluids.

Carbonate chimneys that feature an open central conduit, are prim e indicators of focused 
fluid flow. The process of channeling the fluid along a path with a small cross-section (the 
conduit opening is often not w ider than a few centimeters) cannot easily be explained by one 
process. A possibility is that the fluid flow is focused along small-scale fractures, sedimentary 
heterogeneities and possibly even burrow s that were filled w ith coarser material than the 
surrounding sediment. All these features have a local enhanced permeability which facilitates 
fluid flow at that site. Alternatively, a diffuse gas cloud reaching saturation will lead to bubble
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generation, and create an upw ard stream of gas bubbles. Yet also in this case, preferential 
flow paths may be similar to these m entioned above. Through migration or advection of 
methane, carbonate could get precipitated well above the regional sulfate-methane transition 
zone, even in near-surface sediments. Subsequent erosive processes can easily exhume the 
carbonate chimneys from the surrounding sediments.

Slabs of carbonate crusts do not witness a focused fluid flow. The cementation of the 
sediments rather happens from dissolved m ethane in pore w aters or diffuse gas clouds in the 
pores. From the morphologies, there is no apparent preferential fluid flow direction.

It was possible to differentiate rapidly cem ented aragonite micrite crusts from the Kidd 
m ud volcano crater versus slowly cemented crusts built up  of equant high-M g calcite at the 
Meknes m ud volcano crater. The difference in mineralogy was attributed to a difference in 
carbonate supply (Given and Wilkinson, 1985) which is related to fluid flow velocity and the 
concentration of carbonate ions in the fluid. High carbonate concentration in m ud volcano 
settings can be achieved by advection of deep-sourced C 0 2 or by fast microbial oxidation of 
large am ounts of CH4 (inferring high microbial activity). High fluid flow velocities may be 
generated in different ways, but in m ud volcano craters, it will m ost likeyl be related to mud 
volcano activity. The multiple fracturing episodes of the crusts from the Kidd m ud volcano 
further supported violent and repetitive sedim ent breakup by m ud volcano activity.

Crusts and chimneys in which the main carbonate phase consisted of dolomite (or ankerite) 
were interpreted as being formed deeper in the sedim ents, where sulfate was depleted through 
coupling w ith anaerobic oxidation of methane (AOM). It is evident that the depth of the AOM 
front itself is related to the strength of upw ard fluid flow: strong upw ard fluid flow will result 
in a shallower AOM zone than w hen upw ard fluid flow is absent or weak. In this approach, 
the formation of dolomite crusts and chimneys are indicative of a less strong fluid flow. The 
resulting crusts and chimneys can only be exhum ed through erosion or overturning the sedi
m entary column through e.g. m ud volcano activity.

5.5 G eochem ical and petrological evidence of fluid flow

The different environments and processes involved in the formation of the carbonate crusts 
and chimneys are represented in figure 5.13.

The lithified m ud breccia crusts sampled from Kidd m ud volcano on the Moroccan margin 
have been formed in two modes: an aerobic m ode during which aragonite is precipitated in 
voids and fractures, and an anaerobic mode, linked to sulfate reduction during which pyrite 
and microdolomite formed. These two modes alternated, which is evidenced by different 
phases of fracturing and cementing. The parental fluid is thought to be deep-sourced because 
of the m ud volcano setting and isotopic indications for the oxidation of thermogenic methane. 
Small am ounts of biogenic methane cannot be excluded, but very depleted carbonate samples
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have not been encountered; therefore biogenic methane would not be a mojor carbon source. 
Heavy oxygen is interpreted as derived from gas hydrate destabilization or clay dehydration.

The nodular crusts from Meknes m ud volcano have a high-Mg calcite mineralogy, and 
microdolomite and pyrite is present. All this suggests a formation under reducing conditions, 
w ithin the sulfate reduction zone. Geochemical and isotopic data bear evidence of similar 
fluids involved as for the Kidd m ud volcano.

The dolomitic crusts from Pen Duick Escarpment are pieces of lithified host sedim ent 
with variable inclusion of allochems and bioclasts. The formation of the crusts is linked to the 
seepage and oxidation of thermogenic methane, coupled to sulphate reduction, as evidenced 
by pyrite (and iron oxihydroxide) occurrence. Bioclast dissolution is thought to be a late 
product of pyrite oxidation which creates acidity.



130

The carbonate crusts and chimneys from the M editerranean Outflow Area are Fe-dolomite 
-  ankerite micrite cemented sandstones w ith evidence of multiple episodes of carbonate pre
cipitation in small bioclasts, fine fractures and around allochems, after an initial cementation 
event that lithified the sediment. Recrystallization of bioclasts and other com ponents did not 
take place, however. The precipitation of these samples m ust have taken place under slightly 
elevated temperatures, or influenced by the destabilization of gas hydrates. The crusts and 
chimneys were exhum ed from the sedim ent after their formation.

The carbonate crusts and chimneys from the H esperides m ud volcano on the Iberian mar
gin are mostly Fe-dolomite /  ankerite cemented m ud- to wackestones, stained by iron oxi
hydroxides that likely are derived from the oxidation of pyrite. High-Mg calcite crusts also 
occur. There is evidence of different phases of carbonate precipitation. The samples from this 
site are the only ones in which microbial methane is inferred as one of the dom inant carbon 
sources, apart from other sources. Here also, heavy oxygen isotope compositions can only be 
explained by inferring gas hydrate stabilization or clay dehydration.

These results indicate a high variability in environm ents of carbonate precipitation in the 
Gulf of Cadiz: m ud volcanoes, carbonate m ound and fault-related environm ents and sedi
mentary environments. Carbonate chimneys versus carbonate crusts bear evidence of pre
cipitation in a focused fluid flow versus a more diffuse gas-charged fluid. Differences in 
mineralogy have provided indications about the relative speed of precipitation and the posi
tion with regard to the subsurface geochemical zonation. Carbon and oxygen isotopic data 
has revealed the existence of different types of parental fluid com ponents that are involved in 
the formation of these crusts and chimneys: seawater versus fluids derived from gas hydrate 
destabilization or clay dehydration as oxygen sources; thermogenic versus biogenic methane, 
but also possibly organic m atter and marine dissolved inorganic carbon as carbon sources.

This and previous chapter has brought evidence for the m igration and expulsion of fluids 
within the El Arraiche m ud volcano field. In the next part, numerical modeling exercises will 
be done to evaluate the significance and effects of fluid flow on the geothermal and geochem
ical field. Different drivers of fluid will be regarded, as they often act at different scales and 
thus with different consequences.



Part III

Modeling the drivers and effects of
fluid flow

131





Chapter 6

Internal drivers of fluid flow
The approach of this part of the study is to numerically model the fluid flow process and its 
consequences on a thermal and geochemical field. A t the end of this and the next chapter, 
you will find case studies where this approach is used to better understand and predict 
natural phenomena or test hypotheses that are relevant to better understanding the fluid 
flow processes in the El Arraiche mud volcano field on the NW  Moroccan margin.
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6.1 Introduction

A fluid can be defined as a material that instantly deforms under an applied shear stress of 
any m agnitude - a fluid has no rigidity. A fluid in equilibrium is not subject to an applied 
shear stress. As a consequence of this1, any point at a given height in a column of fluid is in 
equilibrium, the fluid pressure is the same (Pascal's Law).

If the (pressure) equilibrium in a fluid column is disrupted, the fluid will flow to reach 
a new equilibrium. Therefore, fluid flow is a mechanism caused by a driving force -  a fluid 
flow driver. The pressure difference over a certain distance will make fluid flow from the 
high pressure area to the low pressure area. The force responsible is the pressure gradient 
force T’pgf, defined as

' W - J s  (61)

In this equation, p [kg m -3 ] is the density of the moving fluid, A P  [Pa] the pressure difference 
between two points and A x  [m] the distance between these two points.

In this and the next chapter, two groups of fluid flow drivers will be explored: internal 
drivers and external drivers. Internal drivers are defined here as a force or pressure gra
dient that is created inside the sediment body. Internal drivers include density differences 
and deeply generated overpressure due to dehydration processes and thermal cracking of 
hydrocarbons. External drivers rather depend on a force or pressure gradient created outside 
the sedim entary environment, for instance tides and currents. A lthough the generated pres
sure gradients get transferred into the sediment, the drivers are referred to as external, as the 
"cause" of the fluid flow is outside the sediment.

Because fluid flow drivers are very diverse in kind, not all can be regarded in detail. Large- 
scale sedim ent and fluid mobilization related to the genesis and activity of m ud volcanoes 
will be regarded in detail when discussing the internal fluid flow drivers; eustacy, tides and 
seafloor currents will be discussed as external fluid flow drivers. The significance of these 
drivers will be evaluated in terms of m agnitude of the pressure gradient and the fluid flow 
that is generated. Also, the consequences for the thermal and geochemical field will be ana
lyzed. This will lead to a comparison of internal and external drivers of subsurface fluid flow, 
while trying to identify the scale at and situation in which either is im portant or negligible.

The approach of this part of the study is to numerically model the fluid flow process 
and its consequences on a thermal and geochemical field. At the end of this and the next 
chapter, you will find case studies where this approach is used to better understand and 
predict natural phenom ena or test hypotheses that are relevant to better understanding the 
fluid flow processes in the El Arraiche m ud volcano field on the NW Moroccan margin.

’For a derivation, see Faber (1995, p. 4-6)
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6.2 Internal fluid flow drivers: an overview

Internal fluid flow drivers that generate a pressure gradient inside a basin or sedim ent body 
can have different origins, but density differences and overpressuring are the most im portant 
in geological processes.

Density differences As the density of a material is defined by the ratio of its unit mass per 
unit volume, changing the density of a fluid can be achieved in two ways: either the mass 
of a unit volume of fluid is changed, or the volume of a unit mass is changed. The former 
involves a mechanism which does not affect volume change or does so in a negligible way. 
For instance, by dissolving an am ount of salt in fresh w ater (the volume changes slightly, 
but the mass changes at a greater rate; the net effect is that the density has increased). The 
latter, changing the volume of a unit mass, can be achieved as the result of therm al expansion. 
During the heating of a fluid, it will thermally expand, requiring a greater volume. Hence, in 
a unit volume, a smaller am ount of fluid (mass) will be present, and the net effect is a density 
decrease.

There are ample geological processes where density differences drive fluid flow (Judd and 
Hovland, 2007). Mantle convection is mainly driven by thermal expansion of mantle material 
at great depth, causing upw ard flow. Cold and dense mantle material near the surface will 
sink. The result is the creation of convection cells. Salt diapirism  is a mechanism where salt 
bodies pierce the overburden and migrate upw ards because they have a lower density than 
overburden sediments. Petroleum is lighter than w ater as well, and can be found leaking at 
the seafloor (e.g. Gulf of Mexico). Freshwater has a lower density than saline water. This 
density difference drives fresh w ater springs found for instance in Scandinavian Fjords.

Overpressure During burial of sediments, pore space decreases and pore fluids are evac
uated. However, under certain conditions, especially in very fine-grained sedim ents, this 
pore fluid removal is ineffective and pore fluids become 'locked' inside the pores. This phe
nomenon, called undercompaction, or disequilibrium compaction, typically happens under con
ditions of (1 ) rapid sedimentation and burial during which the burial rate outpaces the com
paction rate because sedim ent permeability is too low, and (2 ) tectonic compression, a sit
uation in which buried sedim entary bodies w ith low permeability are subject to additional 
pressure due to tectonic convergence. Also, permeable strata may be sealed by low perm e
ability strata, e.g. clays.

As the fluids are trapped, increasing the burial will increase the fluid pressure above the 
normal hydrostatic pressure. The hydrostatic pressure is the pressure caused by the above 
laying w ater column,

P h  =  P u ,g h (6 .2 )
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with Ph [Pa] the hydrostatic pressure, pw [kg.m~3] the fluid density, g [m.s-2 ] the gravitational 
acceleration and h [m] the height of the overlying w ater column. When undercompaction 
occurs, the effective pore pressure will be

P = P h + Pe (6.3)

where Pe [Pa] is the excess pressure or overpressure caused by the weight of the overburden 
sediment. Such a situation is illustrated in figure 6.1.

Alternatively, the generation or inflow of gas or oil in a sealed permeable layer, will also 
increase the pore pressure. Because gas or oil has a lower density than water, it floats on top 
of the water in the reservoir layer. Because of the lower density, the pressure gradient in a oil 
and gas column will be lower than in water; hence the pore pressure in the oil and gas bearing 
zone will be higher than w hen no oil or gas would be present. This is illustrated in figure 6.2.
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Figure 6.1: Overpressure due to disequilibrium compaction, a) equilibrium compaction and 
pressure proñle; b) disequilibrium compaction and pressure profíle.

O th e r O ther drivers of fluid flow in sedim entary environments that will not be discussed in 
this work include groundw ater discharge controlled by topography and overpressure gener
ation due to the (formation and) dissolution of gas hydrates 0 u d d  and Hovland, 2007).

6.3 Overpressure and sedim ent buoyancy on the northwest 
Moroccan margin

The occurrence of large m ud volcanoes on the northw est Moroccan margin conveys of the 
presence of overpressure in the subsurface. The size of the m ud volcanoes (see Chapter 4) 
alone implicates the mobilization of very large am ounts of sediments tow ards and extrusion
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Figure 6.2: Overpressure generated due to the presence o f an oil and gas pocket. Due to the 
lower densities o f oil and gas compared to water, the pore pressure increases locally.

at the seafloor. On the northw est Moroccan margin, at least two im portant factors can be 
identified that play a role in the generation of overpressure.

The first factor is the thermal cracking of hydrocarbons, with generation of oil and gas. 
In section 6.2, it was shown how this process contributes to the overpressuring of a buried 
sediment. There is ample evidence of gas and oil generation in the subsurface in this area 
(Chapters 4, 5). The stable carbon isotope analysis of the authigenic carbonates gave insight 
in the carbon source. Although biogenic m ethane cannot be excluded as a source of carbon, 
very depleted carbon isotope signals were not encountered. Therefore, it was esteemed more 
likely that thermogenic methane was a more im portant carbon source in the area. A ddition
ally, Stadnitskaia et al. (2006) reported on hydrocarbon gas compositions from different mud 
volcanoes in the Gulf of Cadiz. The m ud volcanoes from the El Arraiche m ud volcano field 
were not included in this study, but the results from 3 nearby m ud volcanoes (Ginsburg MV, 
Yuma MV and Rabat MV) can at least be used as indicators. It was shown that the C2+ con
tent of the sampled gases is low (3 %). Together w ith stable isotope data, the composition was 
characteristic for a thermogenic gas field. The gases were identified as m ature gases (Bernard 
Index < 1.2 %), derived from a mixture of type II and type III kerogens (Table 6.1). M ud 
clasts sampled from Yuma mud volcano were dated from the m iddle Eocene to late Miocene 
(Ovsyannikov et al., 2003), corresponding to the age of the accretionary w edge sedim ents 
(M aldonado et al., 1999). Kerogen studies of these clasts showed general im m aturity (Ko
zlova et al., 2008). Together with the mature characteristics of the sampled gases, this may 
plead for the existence of deeper, similar kerogen deposits present in the gas generation w in
dow. This w ould imply the possible migration and redeposition of m igrated thermogenic 
gas within the olistostrome a n d /o r  even within the Pliocene-Quaternary sedim ents on the
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Kerogen Types and Gas Wetness

Kerogen is the insoluble portion of organic m atter present in sedim en
tary rocks. The soluble part is known as bitumen. U nder high temper
atures (due to burial), kerogen can be transformed in hydrocarbon gas 
and oil. There are different types of kerogen:

Type I
Type I kerogen has a high hydrogen:carbon (H:C) ratio (> 1.25) due to 
it's low content of aromatic structures. It is often referred to as lacus
trine kerogen since its main com ponent is lacustrine algae. This type 
of kerogen thus forms in anoxic lakes or under specific anoxic marine 
conditions, hence it has a rather low occurrence. It typically produces 
liquid hydrocarbons.
Type II
Type II kerogen has a lower H:C ratio (< 1.25) and is derived from 
terrestrial plants and marine algae w ith high lipid content. It typically 
produces a mix of gas and oil. Sometimes, this kerogen contains high 
am ounts of sulphur.
Type III
Kerogen type III has the lowest H:C ratio (< 1) due to the high abun
dance of ring and aromatic com pounds derived from non-lipid plant- 
derived material such as cellulose, terpenes and phenolic com pounds 
from plants. This kerogen typically produces methane and coal.
Type IV
Type IV kerogen mostly is decom posed organic m atter consisting of 
polycyclic aromatic hydrocarbons, and hence has a very low H:C ratio 
(< 0.5). It has no hydrocarbon potential.

Gas wetness is used to describe the compositional variations in hy
drocarbon gases. Dry gas is defined as CH 4 , or abbreviated as Q .  Wet 
gas is defined as C2- 4 , so all gases containing 2  to 4 carbon atoms. The 
gas wetness index is then the ratio of Ci and the sum  of all gas, C 1- 4 : 
p^1- .  The Bernard Index is a similar ratio, defined asGi_4 ' G2+3

T ab le  6.1: Kerogen Types and Gas Wetness

Moroccan margin (Stadnitskaia et al., 2006).

A second factor for overpressuring on the northw est Moroccan margin is the dehydration 
of clays. During transformation of smectite to illite, large am ounts of H20  are set free, and 
the result is an increase in fluid volume. The H 20  can be discriminated from seawater on the 
basis of hydrogen and oxygen stable isotopes (Sheppard and Gilg, 1996). Hensen et al. (2007) 
reported this type of H20  in the crater of Captain Arutyunov MV, corresponding to earlier 
reports of Yuma and Ginsburg MV (Mazurenko et al., 2003). Hensen et al. (2007) inferred a
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fluid source of approximately 5 km, which comprises the lower sedim entary units deposited 
on the basement. For this calculation, an average thermal gradient of 30°C per km was sup
posed. At a higher regional thermal gradient, e.g. 60°C, as used in Depreiter et al. (2005), the 
dehydration process would occur at much shallower locations. Anyway, Hensen et al. (2007) 
conclude that the release of freshwater at greater depth is the quantitatively dom inant process 
of fluid formation in this area.

Thermal cracking of kerogen, with generation of oil and gas, together w ith formation of 
fresh water from clay dehydration have a great overpressuring potential. The different liter
ature sources that address the source of overpressured m ud in the Gulf of Cadiz are unable 
to pinpoint a precise location (e.g., Stadnitskaia et al., 2006; Hensen et al., 2007; Ovsyannikov 
et al., 2003) which is mostly due to the chaotic nature of the accretionary wedge: any strati
graphie correlation is missing. Small limestone clasts indicated that the m ud volcano feeder 
system probably roots in or below U pper Cretaceous to Miocene rocks (Akhmanov et al., 
2003; Ovsyannikov et al., 2003).

The overpressured m ud is piercing the overburden, at least partly controlled by structural 
features (see Chapter 4) and is thought to form intrusive bodies (Chapter 2), and drive mud 
volcano formation and activity. However, a second material m ust be taken into account: salt. 
It has become apparent rather recently that salt diapirism  is occurring, at least under Mercator 
m ud volcano. Evidence for this was found in the presence of large gypsum  crystals sampled 
in cores sampled during cruise TTR-15 (2005) onboard R /V  Logachev, and during FP6  Her
mes cruise M l / 3  onboard R /V  MS Merian (2006). The salt itself most likely of Triassic origin 
(Haeckel et al., 2007), although the crystals might be reprecipitated at a shallower location. 
During the latter cruise, geochemical evidence was found for halite dissolution (chloride en
richment up to 5.3 M, about 9 times the seawater Cl concentration). Li an B concentrations 
indicated a deep fluid source, related to mineral dew atering reactions; supported  by a radio
genic ^ S r /^ S r  pore w ater signal of 0.7106 (Haeckel et al., 2007). U pward advection rates were 
calculated, yielding fluid flow rates of about 6  cm per year at the top of the m ud volcanoes, 
tow ards 0.3 cm at the rim of the crater.

The grow th anticline underlying the Mercator m ud volcano can be explained by sedim ent 
buoyancy. The precise nature of the diapiric material is unknow n, but with the presented 
data, it is acceptable to infer a mixed system of overpressured m ud and salt.

6.4 M odeling the effects of internally driven fluid flow

In m ud volcano craters, it is evident that fluid flow can be episodically strong, mobilizing 
sedim ent from great depths and extruding it at the seafloor. Yet, a m ud volcano does not 
display vigorous activity at all times. For instance, Haeckel et al. (2007) inferred an upw ard 
fluid flow of 0.3 to 6  cm per year in Mercator m ud volcano at present. Not only m ud volcano 
craters (and the inferred feeder pipe), but also fault zones can be im portant fluid flow zones.
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In this section, the importance and significance for geochemistry and geothermics will be 
discussed in such settings.

6.4.1 Geothermal effects

The temperature in sediments is governed in the first place by the tem perature at the sediment 
surface, the local geothermal gradient and the depth at which the tem perature is measured. 
However, upw ard fluid flow will affect the tem perature as well because of heat advection. 
The extent of the temperature change will depend on the strength of the fluid flow.

Using the model for heat flow in porous media, introduced in chapter 3, a set of model 
runs were executed to quantify the effect of upw ard fluid flow on the temperature profile 
in sediments. Standard model param eters include a surface tem perature of 10°C (a typical 
value at the El Arraiche m ud volcano field), a sedim ent column depth of 1 km, a regional 
thermal gradient of 0.06 K.m-1, which is a normal background value for the N orth Atlantic 
Ocean (Sclater et al., 1980). The thermal conductivity, heat capacity and density of the fluid 
and solid were set to 0.529 W.m- 1 .K-1, resp. 2.5 W.m- 1.K_1; 4181 J .k g ^ .K - 1  resp. 1000 
J.kg- 1.K-1; 1000 kg.m - 3  resp. 2700 k g /m -3 . The source fluid tem perature is controlled by 
the geothermal gradient and the surface tem perature (i.e., the no-flow situation). Different 
runs were executed to quantify the role of various parameters:

1. The fluid flow velocity was varied from 0 mm per year, to 10 m per year.

2. The model was run with different porosity profiles: one model used a constant 75% 
porosity, an other used the porosity model described by Spinelli et al. (2004) as porosity 
n  =  0.909z-0073. For analytical reasons, the function was im plem ented as:

n{z) =
0.909 (z < lm )

"  (6-4)
0.909z-  3 (z > lm )

and results in a profile as shown in figure 6.3

3. The model was run in transient mode to evaluate the evolution of the tem perature profile 
over time under different fluid flow velocities after a hypothetical strong 'eruptive' fluid 
flow event which created a constant tem perature profile.

4. Different fluid source depths were simulated by changing the column length.

Fluid flow velocity effects The effect of fluid flow velocity is highly variable. The tem pera
ture profile for low fluid flow velocities (in the order of less than 1 mm per year) is insignif
icant because it offsets the tem perature curve only slightly, or not at all (figure 6.4a). This
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Figure 6.3: Porosity profile based on Spinelli et al. (2004).

means that the advective heat flux is (significantly) lower than the conductive heat flux. For 
these flow velocities, the thermal gradient remains more or less constant (figure 6.4b).

The m agnitude of the advective heat flux J 0 =  pcTv is in the order of IO3 x 4.181 x IO3 x 3 x 
IO2 x V  =  1.25 x IO9 x V ,  which is much smaller than the conductive heat flux (Figure 6.5). For 
example, for v < lm m .y - 1  =  3 .17xl0_ llm .s _1, the advective heat flux becomes Ja < 4 x l 0 - 2  

W.m“ 2. The conductive heat flux Jc =  k will be in the order of 1.025 x 0.06 =  6.15 x IO- 2  

W.m~ 2 which is effectively higher than the advective heat flux Ja (Figure 6.5b).
For higher fluid flow velocities, the tem perature profile is curved upw ards (Figure 6.4a), 

which means that the upw ard advective transport of heat becomes more significant. At 
greater depth, the thermal gradient (Figure 6.4b) becomes smaller than average (even zero 
where a constant tem perature profile occurs), and therefore the conductive heat flux becomes 
(much) smaller than the advective heat flux (Figure 6 .6 ). N ear the surface however, where the 
tem perature is strongly influenced by the constant surface temperature. The therm al gradient 
becomes larger than deeper in the sediments. Thus the conductive heat transport will become 
more im portant again, albeit still smaller than the advective heat flux.

This numerical experiment shows that the upw ard fluid flow in sedim ents has a major 
impact on the geothermal profile near the seafloor. Geothermal m easurem ents over a short 
depth profile near the seafloor will not represent the geotherm al situation deeper in the 
sediments. Such measurements can lead to over-estimation of the geotherm al gradient. 
The effect of fluid flow should always be considered during the interpretation of such data.

Porosity effects The main consequences of the decreasing porosity w ith depth is the chang
ing effective thermal conductivity and a change in fluid flow velocity2. The effective thermal

2In this model exercise, it is assumed that permeability and porosity have a linear relationship.
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T em p era tu re  p rofiles fo r d iffe ren t upw ard  fluid flow velocities
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Figure 6.4: Temperature (a) and thermal gradient (b) profiles under different Huid flow  veloc
ities fora  constant porosity profíle (0.75).
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Figure 6.5: Heat flux profiles for different fluid flow  velocities to illustrate the relative im por
tance o f convective and diffusive heat transfer.
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H eat flux profiles w ith upw ard  fluid flow: 10 m m /y
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Figure 6.6: Heat flux profiles for different fluid flow  velocities to illustrate the relative impor
tance o f convective and diffusive heat transfer.
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conductivity is calculated as the volume average of the conductivities of solid and fluid frac
tions. With changing porosity, these fractions change, and therefore the effective thermal 
conductivity changes. Specifically, with increasing depth, the solid fraction increases; since 
the solid fraction has a higher thermal conductivity than the fluid, the effective thermal con
ductivity will increase with depth as well.

The fluid flow velocity changes throughout the column because conservation of mass 
m ust be obeyed. From the mass conservation, it can be derived that the product of porosity 
and velocity m ust be constant throughout the column, or «1 =  % -V2 w ith V the fluid velocity 
and 6 the porosity. As porosity decreases with depth, the fluid velocity has to increase, which 
influences the thermal convection.

At first sight, the temperature and thermal gradient profiles do not differ much between 
the two porosity situations (compare figures 6.4 and 6.7). If no convection occurs, or if the 
fluid flow velocities are small (v < 1 m m .y-1 ) then the tem perature m odeled using the vari
able porosity profile (eq. 6.4) will be only slightly higher than the tem perature calculated with 
the constant porosity profile (0.75) (Figures 6 .8 a and 6.9a). The total heat flux (Figures 6 .8 b 
and 6.9b) is strongly defined by the conductive heat flux (because the advective flux is very 
small).

The lower porosity will however effect the total heat flux because the effective thermal 
conductivity increases with decreasing porosity. This even occurs if no fluid flow is present 
(Figure 6 .8 b).

U nder faster fluid flow conditions, the observations show different patterns. The poros
ity difference between the two situations indicate a strong control on the total heat flux. The 
reason for this is that in the case of a decreasing porosity with depth, the fluid flow is much 
stronger, and the net effect is that the heat flow is higher at depth -  heat is transported quicker 
towards a more shallow position (Figure 6.10). Closer to the surface, these porosity controlled 
effects become much less strong because the porosity difference is becoming smaller. With de
creasing porosity, conductive processes become more im portant. The tem perature difference 
between the two porosity models in the upper part therefore is a direct consequence of the 
difference in heat flow at greater depth.

The importance of the porosity model on heat flux clearly depends on w hat is being 
observed. The tem perature profiles are very similar for both porosity models. Therefore 
the porosity model is not so critical for the tem perature profile itself. However, strong dif
ferences occur however in the heat flux calculations. Therefore, a suitable porosity model 
should be used in thermal modeling exercises.
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T em p era tu re  p rofiles fo r d iffe ren t upw ard  fluid flow velocities
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Figure 6.7: Temperature (a) and thermal gradient (b) profiles under different Huid How veloc
ities for a variable porosity profíle (equation 6.4).
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T em p era tu re  profiles fo r d iffe ren t po rosity  fu n c tio n s. Fluid flow: 0  m m /y
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Figure 6.8: Temperature and heat dux profiles to compare the effect o f the porosity difference 
at fluid flow  velocity 0 m m /y . (C) indicates a constant porosity profile (0.75) and (V) indicates 
the variable porosity profile as given in eg. 6.4. Temperature differences are m ultiplied by 10.
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T em p era tu re  profiles fo r d iffe ren t po ro sity  fu n c tio n s. Fluid flow: 1 m m /y
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Figure 6.9: Temperature and heat flux profiles to compare the effect o f the porosity difference 
at fluid flow  velocity 1 m m /y . (C) indicates a constant porosity proflle (0.75) and (V) indicates 
the variable porosity profile as given in eq. 6.4. Temperature differences are m ultiplied by 10.
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T em p era tu re  profiles for d iffe ren t po rosity  func tio n s. Fluid flow: 100 m m /y
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Figure 6.10: Temperature and heat flux profiles to compare the effect o f the porosity difference 
at fluid flow  velocity 100 m m /y . (C) indicates a constant porosity profile (0.75) and (V) indi
cates the variable porosity profile as given in eq. 6.4. Temperature differences are m ultiplied  
by 10.
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Transient effects In the scope of this work, it is interesting to evaluate how fast a sedim ent 
will cool dow n after it has been heated over the full column. This situation is an equivalent 
for w hat would be observed after a very strong eruptive event would have taken place in a 
m ud volcano crater. During such an event, w arm  sedim ent and fluids have been transported 
over the full sedim entary column towards the surface. Therefore, instantaneously after the 
eruption (io) the temperature over the whole column would be equal to the tem perature of the 
source layer. This source layer temperature is assum ed equal to the temperature defined by 
the surface tem perature and the pre-existing (before the eruptive event) geothermal gradient 
alone. Furthermore, it is assumed that there is an upw ard residual fluid flow through the 
mobilized sedim ent column after the eruptive event has happened. The goal is to evaluate 
how effective fluid flow is in retarding the cooling dow n of a sedim ent column3. The model 
has been run for upw ard residual fluid velocities ranging from 0  to 1 0 0 0 0  mm per year; the 
source depth of the mobilized sediments was 1000 m. The results are shown graphically in 
figures 6.11,6.12, 6.13 and 6.14.

In each graph, the initial state (0 years, or to) is represented by a vertical line at 345 K 
for all depths. After a given time, as heat will dissipate at the seafloor, the tem perature will 
lower near the seafloor. As time progresses, the cooling will be observed at deeper position 
and finally coincide w ith the steady state situation, or, as if no eruptive event had taken place.

If no residual fluid flow is present (figure 6.11a) the steady state situation is reached after 
a time of more than 1000 but less than 10000 years. For small fluid flow velocities (figures 
6.11b, 6.12a) there is no significant difference with the no-flow situation. For stronger fluid 
flows (10 mm per year or more, figures 6.12b, 6.13a,b) the steady state tem perature profile is 
curved upwards. The seafloor is effectively kept at a constant tem perature and because the 
maximum tem perature is located at a shallower depth than when fluid flow velocity is low, 
the diffusive flux is stronger. Consequently the time needed for equilibration will be shorter: 
after less than 1 0 0 0 0  years for an upw ard flow of 1 0 0  m m / y  and in less than 1 0 0 0  years for an 
upw ard flow of 1 0 0 0  mm per year.

Of course, fluid flow does have an impact on the speed of equilibration. The greatest 
temperature decrease will occur in sedim ents where the fluid flow velocity is smallest. This is 
illustrated in the different plots in figure 6.14. After 1 year of equilibration, not much cooling 
can be observed, except in the upper meters for the situation where fluid flow velocity is 
small (v < 100 m m /y). After 10 years, cooling has progressed dow n to a few tens of meters in 
the sediments, except for the highest fluid flow velocities modeled. In the subsequent model 
stages, the tem perature profiles separate more distinctly. For the highest residual fluid flow, 
at no time, a significant cooling can be observed. For the lowest fluid velocities, it takes a very 
long time to be discriminated from a no-flow situation.

3 An important simplification has been imposed since this is a 1-dimensional model: cooling only happens at 
the seafloor. In reality, heat will dissipate to the surroundings of the mud volcano feeder pipe. The longer the 
path of the pipe, the more significant this effect will be.
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T em p era tu re  profiles a t d iffe ren t tim es; fluid flow: 0  m m /y
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Figure 6.11: Temperature evolution through time after a hypothetical ñuid  ñow  event (e.g. 
m u d  volcano activity) which resulted in an initial situation where the temperature is con
stant with depth. Temperature will become in equilibrium again after a given time. The rate 
at which this happens depends on the (residual) ñu id  ñow  velocity (0 m m /y ;  0.1 m m /y ) .  
"Steady state" in the legend refers to the situation i f  no event w ould have occurred, thus 
representing the normal geothermal gradient.
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T em p era tu re  profiles a t d iffe ren t tim es; fluid flow: 1 m m /y
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Figure 6.12: Continued from fígure 6.11; residual ñuid  flow  velocity 1 m m /y ;  10 m m /y .
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T em p era tu re  profiles a t d iffe ren t tim es; fluid flow: 100 m m /y
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Figure 6.13: Continued from figure 6.11; residual fluid flow  velocity 100 m m /y ;  1000 m m /y .
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Temperature profiles after 1 years for different fluid flow velocities
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Temperature profiles after 1000 years for different fluid flow velocities
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Figure 6.14: The same hypothetical event as in fígure 6.11 is assumed. Here, the temperature 
evolution is plotted in function o f time for different fluid flow  velocities. It appears that at 
any given time, the cooling o f the sedim ents will be strongest when the upward fluid flow  is 
weakest.
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Source depth effects The depth of fluid mobilization has a direct impact on the fluid tem
perature; the tem perature increases with depth accordingly the geothermal gradient. In case 
of no fluid flow and thermal equilibrium, the thermal gradient will be identical for any fluid 
source depth (figures 6.15a, 6.16a), hence the different fluid source depths cannot be discrim
inated. In case of a weak fluid flow (0.1 -1  mm per year, figure 6.15b) the tem perature profile 
has little deviation from a no-flow situation. The heat flow near the surface (figure 6.16b) is 
slightly different for the different source depths. As fluid flow velocities increase, the tem
perature profiles become more separated (figures 6.15c-f), and the differences in the (near 
surface) heat fluxes become larger (figures 6.16c-d). These results show that the source depth 
(and temperature) of the upw ard flowing fluids effectively alter the (near surface) thermal 
field.



6.4. Modeling the effects of internally driven fluid flow 157

Temperature profiles for fluid source depths. Fluid flow: 0 mm/y
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Figure 6.15: Temperature profíles for different ñuid  ñow  velocities in function o f the ñuid  
source depth (or equivalent, source ñuid  temperature).
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Heat flux profiles for fluid source depths. Fluid flow: 0 mm/y
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Figure 6.16: Heat ñow  profiles for different ñuid  ñow  velocities in function o f the ñuid  source 
depth (or equivalent, source ñuid  temperature).
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6.4.2 Geochemical effects

For this work, the most relevant geochemical effect of fluid flow is the formation of carbonates 
related to the anaerobic oxidation of m ethane (AOM), coupled to sulphate reduction (SR). At 
several sites in the study area, carbonates w ith (partial) AOM signatures were sampled at or 
close to the seafloor, while others where formed at greater depth. The formation of methane 
derived carbonates, and their relevance, was elaborated in chapter 5, and the numerical ap
proach used in this section in chapter 3. In this section, the depth of AOM will be analyzed in 
function of upw ard fluid flow velocity.

The effect of the convective transport on the subsurface geochemistry is modeled through 
the second order transport reaction model (chapter 3) in one dimension (a vertical profile). 
As upper boundary condition, the sulfate concentration was set to 30 m ol.m-3 . This is ap
proximately the concentration of sulphate in the oceans. As a lower boundary, a constant 
upw ard flux of m ethane of IO-9 mol m 2 s-1 was im posed, in order to ensure that the column 
length does not play a role in the effective methane concentration at the base. Diffusion coeffi
cients for sulfate and methane are based on Lerman (1979) and corrected for tortuosity (Bear, 
1972; Berner, 1980; Boudreau, 1997) (see chapter 3). The porosity model used is derived from 
Spinelli et al. (2004), and equal to the one used above. The fluid flow velocity varies from 0 
to 10 meters per year. The tem perature is calculated based on a geothermal gradient of 0.06 
K per meter (in case of no fluid flow). The diffusion coefficients are tem perature dependent, 
and for methane it is defined as D0 =  3.3 x 10-9 T 2 — 1.5 x 10-6 T  +  1.7 x IO-4 (T  in K), Do ex
pressed in [1 x IO-5 cm2.sec-1 ]. For sulfate, this is Do =  1.6 x 10-9 T 2 — 7 x 10-7T  +  7.5 x IO-5 . 
Both functions are based upon data in Lerman (1979). The Soret effect (thermophoresis4) is 
neglected because it is small in comparison to the other effects (Lerman, 1979, p. 98-100).

The model has been calculated with two different lower boundary conditions for methane: 
a) the methane concentration at -200 m is constant, with 50 mmol per liter, b) the methane 
flux is defined as IO-10 (m ol/(m 2. sec)) +  v (m /sec) * 10 (mmol.L-1 )). The first term in this 
equation is entered because otherwise, at a velocity of 0 meter per second, the flux would be 
zero, and a trivial solution would be obtained. At zero velocity, the yielded concentration is 
about 30 m m ol/L  at 200 m depth. The latter term of the equation defines an inflow at the 
given velocity of a liquid containing 10 m m ol/L  methane. As the concentration at a depth  is 
always lower than 50 m m ol/L  (case a), the reaction depth will be deeper in case b. At the same 
time, for each velocity, this allows to evaluate the effect of a changing m ethane concentration 
as well.
The resulting profiles are shown in figure 6.17. The model indicates, as expected, that the 
AOM reaction zone shallows with increasing upw ard fluid flow velocity. At zero velocity 
(Figure 6.17a), the AOM depth is about 50 m, resp. 70 m for the two cases of the model.

4The Soret effect is a process that drives heavy molecules preferentially move towards a lower temperature, 
and light molecules move towards a higher temperature.
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At a very light upw ard fluid flow (less than 1 mm per year), the depth  shallows already 
significantly, to depths of 30 m, resp. 40 m (Figure 6.17b). At a fluid flow velocity of 1 mm per 
year, the depths are about 5 m, resp. 10 m (Figure 6.17c). At velocities above 100 m m /y, the 
AOM reaction zone is very close, if not at the seafloor (z=0) which means that the m ethane 
does not get consumed before it reaches the seafloor.

Under circumstances of upw ard fluid flow with significant am ounts of m ethane, the AOM 
zone is quickly pushed towards the seafloor. As the formation of authigenic carbonates can 
be linked to AOM coupled to SR (see Chapter 5), the formation depth is strongly controlled 
by the strength of the upw ard fluid flow in sediments. Precipitation of chimneys and crusts 
from the different m ud volcano craters from which results were reported, can indeed only 
occur near the seafloor if there is an active upw ard fluid flow. If not, AOM w ould take place 
at a much deeper place in the sediments and not easily accessed for sampling.

At an other site (MOA, M editerranean Outflow Area), there were indications that the car
bonate precipitates had formed deeper in the sedim ents but exhum ed by erosion. Therefore, 
it may be suggested that the carbonate crusts and chimneys were formed in an area with 
w eaker fluid flow than the other sampled areas. In this case, the chimney m orphology might 
be related to sedim entary heterogeneities leading to preferential fluid flow pathw ays, rather 
than to a strong and focused fluid flow. The carbonate specimens from Pen Duick Escarpment 
would be an intermediate, with moderate fluid flow strengths yielding precipitation not at the 
seafloor, nor very deep, but at a shallow subsurface position.
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6.5 Case study: Gas hydrate stability in Mercator m ud volcano

In Chapter 4, a description of anomalous subsurface reflections under the flanks of Mercator 
m ud volcano were described. In an attem pt to explain this reflection, characterized by an 
inverse polarity (see section 4.2.1.6), a geothermal modeling exercise is set up  to evaluate the 
possible relation to the occurrence of gas hydrates.

6.5.1 Introduction

Gas hydrate is an ice-like crystalline substance, consisting of a cage structure of w ater molecules 
with trapped methane or other light gases inside. Gas hydrates are stable under well-described 
P-T conditions (Sloan, 1998a,b) and adequate gas concentrations (Xu and Ruppel, 1999). The 
distribution of gas hydrates on continental margins is w idespread (Ginsburg and Soloviev, 
1998; Kvenvolden, 1998). Stability of hydrates on margins is a very actively studied topic with 
regard to triggering sedim ent mass wasting through gas hydrate decomposition (Bouriak 
et al., 2000; Pauli et al., 2003). Gas hydrates are also regarded as an im portant potential eco
nomic target (Collett, 2002; Gupta, 2004) and their destabilization may have a large impact 
on global change (Kvenvolden, 1993; Jacobsen, 2001; Kennett et al., 2000; Kopf, 2003). Gas 
hydrates in seafloor sediments occur within a restricted zone, the gas hydrate stability zone 
(GHSZ). The base of the GHSZ is often recognized as a bottom  simulating reflection (BSR) on 
seismic data, since it mimics the seafloor in areas of a stable and constant local heat flow. The 
BSR is characterized by an inverse polarity of the seismic signal, originating from the pres
ence of free gas trapped below the hydrate stability zone (Bangs et al., 1993; MacKay et al., 
1994; Holbrook et al., 1996, e.g.). Since the thermal gradient defines the lower boundary of the 
GHSZ, an elevated local heat flow will thin the GHSZ. In that case, the base of the GHSZ, ex
pressed as a crosscutting reflection, can locally intercept the seafloor reflection, for example, in 
gas hydrates associated to m ud volcanoes or gas seeps (De Batist et al., 2002; Van Rensbergen 
et al., 2002). Submarine m ud volcanoes (MVs) are seafloor structures with positive topogra
phy from which m ud, fluid, and gas em anate (Hedberg, 1974). Their distribution is mainly 
confined to areas with compressive tectonic activity, vertical compression due to sedim entary 
loading (burial) and generation and accumulation of hydrocarbons leading to overpressure 
(Dimitrov, 2002b; Kopf, 2003). The general mechanism for their formation is related to a com
bination of the rise of overpressured liquefied clays tow ard the surface and the hydrofrac
turation of the overburden which opens a feeder pipe. The mobilized material pierces the 
overburden to expel a mixture of m ud, fluids and gases along w ith brecciated rock derived 
from the overburden, the m ud breccia. Gas hydrates inside m ud volcanoes have been ob
served in several locations (Dimitrov, 2002b), bu t are generally found at w ater depths of 1000 
m and deeper, e.g., on the Norwegian-Barents-Svalbard margin (Ginsburg et al., 1999), the 
Gulf of Cadiz and on the Moroccan margin (Gardner, 2001; M azurenko et al., 2002), the east-



6.5. Case study: Gas hydrate stability in Mercator mud volcano 163

em  M editerranean ridge (Robertson and the Ocean Drilling Program Leg 160 Scientific Party, 
1996), the Black Sea (Soloviev and Ginsburg, 1994; Dimitrov, 2002a; Bohrmann et al., 2003), the 
Caspian Sea (Huseynov and Guliyev, 2004) and on the Barbados accretionary w edge (Aloisi 
et al., 2002).

6.5.2 G as H ydrates in the G u lf o f Cadiz

Gas hydrates on the Moroccan margin and in the Gulf of Cadiz have only been reported from 
a small num ber of deep-w ater mud volcanoes: Ginsburg m ud volcano (1100 m bsl) (Gardner, 
2001; M azurenko et al., 2002, 2003), Bonjardim m ud volcano (2200 m bsl) (Kenyon et al., 2003; 
Pinheiro et al., 2003) and Capt. Arutyunov m ud volcano (1800 m bsl) (Kenyon et al., 2003). 
Casas et al. (2003) observed possible BSR features at a subbottom depth of 150 ms two-way 
travel time (TWTT), associated with m ud volcanoes and diapirs at a water depth of 388 m 
on the Gulf of Cadiz slope. They attributed the hydrate stability to elevated pore pressure 
conditions caused by the diapiric intrusions. Reports of a w idespread regional BSR are not 
yet made.

6.5.3 R esults

6.5.3.1 Event O bservation

The hypothesis is given that the H event observation (see section 4.2.1.6) is the base of a gas 
hydrate stability zone. The hypothesis is tested by modeling the gas hydrate occurrence and 
deriving the H-event inferred heat flow in the m ud volcano.

6.5.3.2 M odeling Gas H ydrate Occurrence

Modeling the hydrate stability zone requires information on the composition of the hydrate 
gas, on the bottom w ater temperature and geothermal gradient as well as the pore space 
salinity. Gas hydrates recovered from the nearby Ginsburg m ud volcano, which is located at 
a water depth of 1100 m, had a composition of 81% of CH4 and 19% of C2+ hydrocarbons 
(Mazurenko et al., 2002). From CTD data it is known that the seafloor tem perature in the 
area is 10°C which is unfavorable for gas hydrate stability. Pore water salinity estimates are 
derived from m ud volcanoes from the Moroccan margin. Bileva and Blinova (2003) reported 
an average chlorinity of 500 m m ol/L . According to equation 6.5, this can be converted to 3.2% 
salinity, which is comparable to ocean w ater salinity.

S  =  1.80655 * [CP] (6.5)
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Figure 6.18: Theoretical gas hydrate stability graphs for gas composition measured at Gins
burg m ud volcano (Mazurenko et al., 2002) and pure methane for comparison. Pure methane 
hydrates are unstable in either case, (a) Situation with a background gradient curve o f 60 
m K.m ~1 m and a bottom water temperature o f IOP C. Gas hydrates are stable to 140 m below  
seafloor if gas contains higher-order hydrocarbons, (b) Situation for low est inferred thermal 
gradient (110 mK.m~1) in Mercator mud volcano, where hydrates with higher-order hydro
carbons are stable up to 60 m bsf.

Equation 6.5 expresses a conversion from salinity to chlorinity, w ith S  the salinity and [Cl ] 
the chlorinity, both in parts per million (ppm) (Wooster et al., 1969).

The gas hydrate equilibrium conditions were determ ined using the program  CSMHYD 
(Sloan, 1998b) for the given composition of the gas hydrates and salinity of the pore waters. 
This resulted in the polynomial regression equation

logP = a + bT + cT2 (6.6)

with param eters a =  0.1929, b =  0.0395 and c =  0.0009, P  in MPa and T  in degrees Celsius, 
and the regression coefficient R 2 =  0.998. In Figure 6.18a, the resulting hydrate stability 
curve is plotted with a seafloor depth of 380 m. The hydrate stability curve for pure methane 
is plotted for comparison. This result shows that at this w ater depth  and for the given gas 
composition and seafloor temperature, gas hydrates can be stable. For a therm al gradient of 
60mK.m-1 , which is a normal background value for the N orth Atlantic Ocean (Sclater et al., 
1980), the depth of the base of the GHSZ is almost 100 m deeper than the present observed 
H event (Figure 6.18a, with H event in Figure 6.18b). Since thermogenic gas hydrates can 
theoretically occur at this location, this supports our hypothesis that the H event is the base 
of a GHSZ. This horizon was m apped and infer the thermal gradient and heat flow from it.
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6.5.3.3 Inferred Heat Flow

Bottom simulating reflections have often been used to estimate thermal gradients or heat flow 
(Yamano et al., 1982). The calculation assumes that the BSR coincides w ith the three-phase 
gas hydrate-water-gas vapour boundary, and consists of the following steps (Vanneste et al., 
2002): (1) conversion from TWTT to subbottom  depth based on a velocity model, (2) calcula
tion of in situ hydrostatic and lithostatic pressure, (3) derivation of the equivalent three-phase 
gas hydrate equilibrium tem perature for these pressure values at the inferred BSR depth, and 
(4) determ ination of the geothermal gradient and heat flow.

A relation between pressure, depth, and time is needed for the conversion from two- 
way travel times to depth and pressure values, which are needed for therm al gradient and 
heat flow calculations. Data from Ocean Drilling Program Leg 160 (eastern M editerranean) 
Site 970 (Milano Dome) and 971 (Napoli Dome), Robertson and the Ocean Drilling Pro
gram Leg 160 Scientific Party (1996) shows that pebbly m ud (holes 970A, 970B, 970D and 
971 A, 971B, 971D, 971E) has p-wave velocities from 1500 to 2000 m .s-1 . When averaging over 
depth for these holes, values around 1800 m.s-1 are retrieved. For nanofossil ooze with sapro- 
pels (hole 970B), the velocity average is about 1600 m .s-1 . All values refer to the first tens of 
meters; therefore an average velocity for the deposits of the top of the Mercator m ud volcano 
of 1800 m .s-1 is assum ed. Then, on the basis of a p wave velocity 1.5 km .s-1 in w ater and 1.8 
km .s-1 in the sedim ent and with a density of w ater pw = 1030 kg.m -3 and sedim ent pc = 2300 
kg.m -3 (based on a ps = 2650 kg.m -3 for the sedim ent and ph = 900 kg.m -3 for the hydrates 
(Gei and Carcione, 2003), in a 80% sedim ent to 20% hydrate mixture), the two-way travel time 
of the seismic sections was converted to depth (Figure 6.19a) and pressure (Figure 6.19b). The 
calculated pressure field at the H event reflector displays a nearly concentric pattern around 
the crater of the mud volcano and pressure increases from the crater (3500 kPa) to the deepest 
point (6000 kPa).

On the basis of the thickness of the layer between the seafloor and the H event, the thermal 
gradient field and the heat flow pattern in the m ud volcano is reconstructed. Inside the crater, 
no H event is observed, so the thickness is set to 0. The calculation of the therm al gradient 
field, based on the distribution of a BSR, is derived from equation 6.6 as

(6.7)

with

T  _  - b  +  y/b2 +  Ac(logP -  a)
(6 .8)2c

where Gt is the tem perature gradient, T  is the tem perature (°C) defined by equation 6.8, Tsf  
is the tem perature at the seafloor (°C), dbsr is the depth of the BSR in meters below seafloor,
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Figure 6.19: (a) Depth o f the H  event in meters in the Mercator m u d  volcano, (b) Calculated 
pressure at the depth o f the H  event, (c) Calculated thermal gradient and heat flow inferred 
from the occurrence o f the H  event. The thermal gradient and heat flow  display a quasi-radial 
pattern around the m u d  volcano crater, increasing toward it. In the crater area, no H  event 
was observed.
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and P  is the in situ pressure at the BSR in MPa. For the conversion from the thermal gradient 
field to the heat flow according equation 6.9, a thermal conductivity kt of 1.1 W.m-2, with

=  ktGt (6.9)

and 4>q in mW.m-2 and Gt in mK.m-1 is supposed. This value for kt is used since it is a 
typical value for this kind of sediments: Grevemeyer et al. (2004) report kt =1.17W.K-1 .m-1 
for sedim ents at the M ound Culebra m ud dome offshore Nicoya Peninsula, Costa Rica). The 
thermal gradient and heat flow values calculated on the m ud volcano are cut off at 1 K.m-1 
or 1.1 W.m-2 near the edge of the crater because at that location, values move asymptotically 
to infinite since df,sr approaches zero in equation 6.7.

The inferred heat flow and thermal gradient fields show a more or less concentric pattern 
around the crater of the Mercator m ud volcano (Figure 6.19c). The local minimal value of the 
heat flow in the Mercator m ud volcano is 110 m W.m-2 and increases to about 250 m W.m-2 
craterward. N ear the edge of the crater, the heat flow quickly rises to 600 m W.m-2 and then 
increases quickly to 1100 m W.m-2 at the crater edge. Within the crater, the heat flow cannot 
be extrapolated because of the asymptotic rise of the calculated values toward infinity. All 
that can be inferred here is that heat flow inside the crater is higher than 1100 m W.m-2

6.5.3.4 Accuracy Estimate

Each of the steps to calculate the heat flow from a BSR occurrence is a source of errors. The 
error on the pressure field at the depth of the H event depends on changes in p wave velocity 
and density of the m ud breccia. If we vary the p wave velocity between 1500 and 2000 m .s-1 
and the density between 1800 and 2300 kg.m -3, relative errors for the pressure vary between 
about -6.5 and 2%. It is unlikely that density will be higher than the value we used for the 
calculations, since porosity, which we assumed to be zero and all pores filled by hydrate, 
will have a bulk density decreasing effect. However, because of the logarithmic function in 
the tem perature calculation, this error is strongly reduced. The most im portant factor for 
the thermal gradient is the p wave velocity since it appears in the denom inator of equation 
6.7. All together, the varying p wave velocity and bulk density induces an overall error on the 
thermal gradient of +16.3% for a p wave velocity of 1500 m .s-1 and -8.2% for a p wave of 2000 
m.s-1 . The influence of a variable density is less, and the error values above are the overall 
extremes. An error for kt will further affect the heat flow values. If kt is 0.9 W.m-1 .K-1 , a 
value typical for norm al hemipelagic sediments, this induces an error of about 18%. Long
term bottom  w ater changes will affect the heat flow pattern according to equation 6.7. More 
importantly, they can influence the hydrate stability field w ith bottom  w ater w arm ing causing 
gas hydrate dissociation. Nevertheless, we rely on the CTD data and assume that temporal 
fluctuations are small. The overall error on the H event inferred thermal gradient is assumed 
to be no larger than 15% and the error on the heat flow no larger than 25%. Another source
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of uncertainty is the gas hydrate composition since the values we used were not obtained 
from in situ sampling. However, we assume that source fluids and gases are comparable 
throughout the region and fluctuations are low.

6.5.4 Interpretation and D iscu ssion

The H event is recognized as a coherent reflector with negative polarity under the seafloor be
low the Mercator m ud volcano's slope. The H event shallows toward the m ud volcano's cen
ter and disappears in the crater. We interpret the H event as the base of a gas hydrate stability 
zone, which is affected in the center of the m ud volcano by focused fluid flow. We modeled 
the gas hydrate stability zone in this very shallow area by using a gas hydrate composition 
reported for the region. The seismic interpretation is supported by the model. Alternative 
interpretations of this seismic event are possible but can be rejected based on several issues. 
First, the H event may have been covered by a layer of rocks and clasts, extruded by the m ud 
volcano. This is deem ed unlikely since so far, no observations indicate that a complete m ud 
volcano surface would be covered with extruded clasts or rocks. This suggestion can be re
jected since it cannot explain the morphology of the seismic event (i.e., the shallowing toward 
the crater) since different m ud extrusion types as described by Van Rensbergen et al. (2005a) 
cannot produce such a morphology. Second, the event might represent a transition to sedi
m entary deposits created during a period of inactivity of the m ud volcano. This is unlikely 
as a sedim entary layer would drape the whole m ud volcano, therefore also the crater area. 
Third, a diagenetic boundary may produce a seismic event in a m ud volcano. Again, the 
m orphology of such a boundary is hard to explain. For all of these propositions, the inverse 
polarity of the seismic signal is also not explained. Thus we conclude that the interpretation 
of the H event as the base of a gas hydrate stability zone is the most reliable.

6.5.4.1 Focused Fluid Flow in M ud Volcanoes

The Mercator m ud volcano exactly shows w hat Ginsburg and Soloviev (1998) proposed in 
a model concerning hydrate stability in m ud volcanoes. Therefore, although the Mercator 
MV is not visibly active in a sense that it extrudes mudflows, it is inferred to be active as a 
fluid vent. The concentric pattern of the heat flow distribution is a consequence of lateral heat 
diffusion away from the feeder pipe (Poort and Klerkx, 2004). Diffusion of gas aw ay from 
the feeder pipe is the source of hydrocarbon gas hydrates. H ydrates generally occur at con
tinental margins where conversion of high inputs of organic carbon or focusing of methane 
bearing fluids supply the hydrocarbon gases required for hydrate formation (Davie et al.,
2004). The absence of any regional BSR or H event in the surrounding hemipelagic sedim ents 
could be explained by an insufficient m ethane flux which w ould be needed for gas hydrate 
formation. A m ethane flux lower than the theoretical m ethane solubility w ould also imply 
the absence of free gas. The lack of an acoustic im pedance inversion at the interface between
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gas-free and gas-bearing sediments, may explain the absence of a w idespread regional BSR. 
This would mean that the degassing and dewatering of the accretionary wedge in the Gulf of 
Cadiz mainly happens through focused flow along faults associated fluid expulsion seafloor 
structures, and only partly by w idespread diffusive processes. The inferred heat flow in the 
m ud volcano, and especially in and near the crater, is very high. However, literature reports 
indicate that the calculated result is not abnormal for m ud volcanoes. Heat flow in active m ud 
volcanoes is known to easily rise above 1 W.m-2 . The best know case-study is the Hakon 
Mosby MV on the Norwegian Margin. The crater of the m ud volcano has also thermal gradi
ent values of over 1000 mK.m-1 (Eldholm et al., 1999) and even values of over 10000 mK.m-1 
have been estimated by Vogt et al. (1999) in the m ud volcano crater. In Lake Baikal, both in 
situ m easured and BSR-derived heat flow evidenced elevated heat flow values com pared to 
background at the Malenki m ud crater (Vanneste et al., 2002). Henry et al. (1996) report a 
steady state surface heat flow of 5000mW.m-2 on average in the center of the Atalante m ud 
volcano in the Barbados Trough.

6.5.4.2 Very Shallow Gas Hydrate Occurrence and Significance

Theoretically, gas hydrate occurrence up to 250 m is possible w hen thermogenic gases are 
involved. In the Gulf of Mexico, gas hydrate occurrence has been reported up to about 440 
m (Sassen et al., 1999). Here we now observe gas hydrates at a water depth up to nearly 
350 m. Many shallow hydrate accumulations have been found at water depths below 500 m 
because the hydrates mainly consist of methane. The upperm ost limit for m ethane hydrate 
occurrence is about 500 m (Sloan, 1998b). The result in this paper gives an indication that the 
volume of gas trapped as gas hydrate may be much larger than formerly thought, since many 
estimates of gas hydrates only account for methane hydrates. An estimate of the quantity of 
gas hydrate in the Mercator m ud volcano was calculated based on the seismic data and a gas 
hydrate volume percentage of 5%. Volume percentage estimates for Ginsburg m ud volcano 
were 4 -  19% (Mazurenko et al., 2003) and at the H ydrate Ridge, Trehu et al. (2004) conclude 
gas hydrates contents up to 26 vol % at the summit of the ridge and an average of about 3 
-  6 vol % in the upper tens of meters of sediments in the GHSZ. We also used a gas hydrate 
density of 900 kg.m -3 and the same velocity estimates as above. This model leads to a hydrate 
quantity between 2.5 Mt hydrate stored in this single m ud volcano, or w ith the estimate that 
1 m 3 contains 160 m 3 of methane, a quantity of 40 x IO8 m 3 methane is obtained.

6.5.5 C ase s tu d y  co n c lu sio n

An anom alous reflection (H event) has been observed in shallow m ud volcanoes on the Mo
roccan margin. The H event was m apped in the Mercator m ud volcano and was interpreted 
as the base of a gas hydrate stability zone, based on its inverse polarity and the fact that 
it mimics the seafloor away from the m ud volcano's crater. Inside the crater, the H event is
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absent. This was supported by the fact that gas hydrate stability m odeling w ith reported ther
mogenic gas compositions, indicated that gas hydrates can be stable at this shallow location. 
BSR inferred heat flow showed a concentric heat flow pattern around the crater, with a very 
sharp rise in heat flow near the crater, consistent with the interpretation that the gas hydrate 
layer is affected by a focused flow of warm  fluid in the crater. Modeled heat flow values near 
the crater edge run-up to 1100 m W.m-2 and m ust be still higher inside the crater. A lthough 
this is very high compared to background heat flow values, it is not abnormal for m ud vol
canoes. The absence of a bottom simulating reflection in the surrounding sedim ents may be 
explained by a low regional methane flux through the sediments. Consequently, dew ater
ing of the accretionary wedge complex is mainly focused along fault surfaces and through 
seafloor structures, such as m ud volcanoes.

As a future work, the concentric heat flow pattern could be further developed in a fluid 
flow model. If the temperature in the crater area would be known exactly, one can model a 
fluid flow distribution taken into account heat advection and all related processes shown ear
lier in this chapter. As a simple exercise, one could calculate a theoretical fluid flow velocity 
if the tem perature of the expelled fluid would be 15°C.

Take the inferred heat flow of 1100 m W.m-2 or 1.1 J.m-2 .s-1 and divide this by the energy 
content of w ater at 15°C, which is 4.1813 kJ.L-1 .K-1 x 283.15 K = 1.2 MJ.L-1 (supposing that 1 
kg of w ater equals 1 L of water). This division results in a volume of w ater that is extruded at 
the rate of 28 L.m-2 .y or 2.8 cm.y-1 . This is in the middle of the range of fluid flow velocities 
indicated by Hensen et al. (2007) (0.3 to 6 cm.y-1 ).

6.6 Effects of internal fluid flow drivers

In this chapter, the geothermal and geochemical effects of internal fluid flow drivers were 
modeled. All fluid flow was m odeled as if it were driven upw ards due to overpressure.

For the geothermal effects, a range of param eters were varied to see how they influence the 
geothermal profiles. The largest impact on the tem perature profile was found to be the fluid 
flow velocity itself. The upw ard advection of heat along with the (warm) fluid significantly 
raises the tem perature at shallower positions. Because the upper part of the sedim ents is 
still subject to cooling at the seafloor, very high thermal gradients will be m easured near the 
surface, although that these gradients do not remain constant with depth. As a consequence, 
the effect of fluid flow should always be considered w hen interpreting geothermal gradient 
data m easured at shallow position in the sediments, since this does not reflect the deeper 
gradient.

The porosity profile used in the model also lead to small differences in the model result, 
albeit less im portant for temperature profiles than for heat fluxes (this is due to the fact that 
with decreasing porosity, mass conservation dem ands higher fluid flow velocities, and thus
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higher fluxes). So, the importance of the porosity model used, depends on the questions 
asked in the model itself.

The factor time is of great importance for heat flow modeling. Cooling of a m ud volcano 
feeder pipe through the seafloor would take more than 1000 but less than 10000 years if no 
residual fluid flow is left. However, with a residual flow remaining, the cooling will extend 
less deep, although a stable situation will be reached earlier.

Finally, the source depth from which fluids are mobilized is also im portant in defining 
the geothermal field, especially for high fluid flow velocities because in this case, advective 
transport becomes much greater than conductive transport.

As a case study, the stability of gas hydrates in a shallow m ud volcano crater was an
alyzed. Gas hydrate stability modeling with reported thermogenic gas compositions, indi
cated that gas hydrates can be stable at this shallow location. BSR inferred heat flow showed 
a concentric heat flow pattern around the crater, with a very sharp rise in heat flow near the 
crater, consistent w ith the interpretation that the gas hydrate layer is affected by a focused 
flow of w arm  fluid in the crater.

It was also shown that upw ard fluid flow with significant am ounts of methane is capable 
of pushing the AOM zone quickly towards the seafloor. The depth of authigenic carbonate 
formation, as a product of AOM, will thus strongly depend on the strength of upw ard fluid 
(and methane) flow. Precipitation of chimneys and crusts from the different m ud volcano 
craters from which results were reported, can indeed only occur near the seafloor if there is 
an active upw ard fluid flow. If not, AOM would take place at a much deeper place in the 
sedim ents and not easily accessed for sampling, except when erosion of the host sedim ent 
results in an exhum ation of the previously formed carbonate crusts and chimneys.

In the next chapter, external processes driving fluid flow will be regarded, together with 
the effects on the geothermal and geochemical field.





Chapter 7

Effects of external drivers of fluid flow
External forces can drive fluid flow in sedimentary environments. In this chapter, sea level 
fluctuations and seafloor currents will be modeled to reveal their influence of subsurface 
fluid flow and their effect on the triggering of mud volcanism and the consequences for the 
geochemical environment in the sediments.
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7.1 Introduction

External drivers of fluid flow are defined here as drivers depending on a process essentially 
acting outside the sedim entary environment, thus in the submarine environment. To drive 
fluid flow, the process needs to create a pressure gradient (force) in the subsurface.

A first type of driver is formed by tidal sea level changes (section 7.2) which act at 
(semi)diumal time scales and have smaller m agnitudes -  the M2 tidal constituent1 has a 
maximum am plitude of about 1.5 meters along ocean margins (a M2 constituent map can 
be dow nloaded from the NASA Godard Space Flight Center website2). Effective tidal am 
plitudes are somewhat larger. Maximum tidal am plitudes recorded w orldw ide are over 15 
meters, although not in oceanic environment (e.g., see the reviews about the tides of the Bay 
of Fundy by Desplanque and Mossman, 1998, 2001).

A second type of external drivers is related to the change in total pressure at the seafloor 
over time due to a change in sea level (section 7.3). Sea level fluctuations act at long time 
scales (e.g., glacial - interglacial) and reach m agnitudes of several 10's of meters (Miller et al.,
2005).

A third type of external drivers is based on pressure (and related velocity) effects of a 
w ater current over a seafloor obstacle (section 7.4). This effect has been explored at small 
scale (e.g. sand ripples; Thibodeaux and Boyle (1987); Huettel et al. (1998); Huettel and Rusch 
(2000); Huettel et al. (2003); Reimers et al. (2004); Roy et al. (2005)), an application of this 
effect to larger scales has not been found in literature. The process is related to a fluid passing 
over an obstacle w ith positive topography, yielding acceleration of the fluid at the top and 
deceleration of a fluid at the base of the obstacle. This acceleration implies a negative pressure 
anomaly at or near the top, and positive pressure anomalies at the base of the structure. This 
leads to a fluid flow inside the sediments: at the top, fluid will be driven out of the sediments, 
while at the base, fluid will be pushed into the sediments. Depending on the shape and 
scale of the obstacle, fluid recirculation cells can be formed in the sediments. The fluid flow 
direction is inverted when regarding an obstacle w ith a negative topography.

In the next sections, these drivers will be discussed, and their impact on subsurface fluid 
flow will be evaluated.

1 The M2 tidal constituent, or the principal lunar semi-diurnal constituent, is the part of the tide with a fre
quency of half a tidal lunar day, or 12 hours and 25 minutes. In most places, this constituent is responsible for 
most of the tidal amplitude.

2http: /  /  svs.gsfc.nasa .gov /stories /  topex /  tides.html
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7.2 Tidal sea-level fluctuations

7.2.1 G e n e ra l

Tidal sea-level fluctuations create a pattern of cyclic pressure variations at the seafloor be
cause the height of the water column changes over time. The pressure at the seafloor is given 
by P (t) — pwgh(t) [Pa] with pw [kg.m-3] the density of water, g [m.s-2 ] the gravitational 
acceleration and h(t) [m] the height of the w ater column as a function of time. In case of a 
semi-diurnal oscillation with am plitude Ah, this can be expanded to

P{t) =  pwg(ho +  A h  ■ sin(u;f)) (7.1)

with ho [m] the average water column height and A h  ■ sin(caf) the oscillation with a frequency 
of ui — 2 n /T  [Hz] with T  [sec] the period of the oscillation, equal to 12 hours.

If (pore) fluids and sediments w ould be incompressible, then the pressure difference be
tw een high and low tide would be transferred instantaneously into the sedim ents dow n to 
'infinite' depth, thus no depth-dependent pressure gradient w ould occur. Hence, in such a 
situation, no fluid flow would result.

However, (pore) fluids and sediments are effectively compressible. As a consequence, 
the pressure variation created at the seafloor is not instantaneously transferred into the sed
iments. Rather, the pressure travels as a wave into the sedim ent while it is attenuated; the 
travel depth  will depend on the m agnitude of the initial pressure difference, the sedim ent 
and fluid compressibilities and the period of the oscillation (although in this case, the period 
is treated as a constant). The resulting fluid flow will further depend on the hydraulic con
ductivity of the sediment. For highly compressible sediments, e.g. plastic clay, the pressure 
variations will not travel deep into the sediments, or in other words, the attenuation is strong. 
For more 'rig id ' sediments, e.g. dense, sandy gravel, the pressure variation is less attenuated 
and thus the effect will be observed deeper in the sediments. The governing equation for 
describing this effect is given by equation 3.23 on page 42.

As the pressure fluctuations migrate into the sediments, alternating from positive to neg
ative and back every 12 hours, a situation is created where the pressure difference varies with 
depth. Pore fluids will migrate towards zones w ith local pressure minima, away from local 
pressure maxima. The velocity of this fluid flow depends on the hydraulic conductivity of 
the sediment. Depending on the positions of these local extrema, the pore fluids can flow up- 
or dow nw ards, or even in both directions at different depths at the same time.

In figure 7.1, these effects are illustrated. Figure 7.1a is a representation of the pressure 
difference in the sedim ents (relative to the stable hydrostatic pressure) in function of the com
pressibility of the host sediment. The model has been run with a semi-diurnal sea-level fluc
tuation w ith an am plitude of 2 m. The profiles represent the pressure difference situation after 
the model has run for 5 periods or 2.5 days in model time. It shows that the pressure difference
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travels deeper w hen the compressibility is smaller. The m agnitude of pressure effect remains 
the same however. Consequently, the pressure gradient is largest when the compressibility of 
the sedim ent is largest. The highest pressure gradient corresponds to the highest fluid flow 
velocities, as shown in figure 7.1b (the hydraulic conductivity corresponds to silty sediments, 
K  =  IO-7 m.s-1 ). Figure 7.1c illustrates the pressure difference every 3 hours during one tidal 
period for a sedim ent compressibility of IO- ' Pa-1 . Figure 7.1d illustrates the corresponding 
fluid flow velocity in silty sediments. This shows indeed that during a single tidal cycle, fluid 
flow can alternate between upw ard and dow nw ard flow, and that up- and dow nw ard flow 
can co-exist at a single time at different depths.

6 000  -5 0 0 0  -4 0 0 0  -3 0 0 0  -2 0 0 0  -1 0 0 0  0 1000
Pressure difference [Pa] Darcy velocity [mm/day]

-0 .5  0  0.5
Pressure difference [Pa] Darcy velocity [mm/day]

Figure 7.1: Differential pressure variations in the subsurface and subsurface ñuid  ñow  veloc
ity, driven by tidal sea-level fíuctuations. See text.
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7.2.2 T he sign ificance o f pore fluid pum ping

The example shown above (Figure 7.1d) leads to maximum instantaneous up- and dow nw ard 
fluid flow velocities of over 3 mm per day in rather permeable sediments. In geochemical 
terms, this is a strong fluid flow, hence this process m ust affect the geochemical environm ent 
in the subsurface.

If we suppose a sulfate gradient in the upper meters of the sedim ent of 1 mmol. m -1 .L-1 
and a diffusivity of 3xlO _10m 2.s_1, then the instantaneous diffusive flux is 3x 10-10mol.s-1 .m~2. 
For a fluid flow velocity of 3 mm per day and an actual sulfate concentration of 10 mmol .L_1 
at a certain depth, the instantaneous advective flux is about 3.5 x 10~7mol. s_ l .m ^2. Thus, 
the instantaneous advective flux is three orders of m agnitude larger than the instantaneous 
diffusive flux.

Looking at long timespans, instead of at a point in time, the time-integrated (net) advec
tive transport is zero. The up- and dow nward advective transport has the same m agnitude 
in each direction. This has as consequence that the time-integrated advective flux is zero and 
thus the diffusive flux becomes the governing transport process. In that regard, the instanta
neous transport may seem irrelevant and not worth looking after in model exercises. H ow 
ever, for certain applications or processes, it is relevant. The (instantaneous) advective flux 
of a chemical com pound through pores may be involved in mineral precipitation or dissolu
tion processes. For such a process, the flushing of fluids through the pores is very im portant 
because the concentration of the chemical com pound may change over time. As a conse
quence, in a no-flow situation, a process may be slowed dow n or stopped if it has to depend 
on diffusive transport alone. The consequences for (geo)microbiological processes are equally 
important. Organisms that live at redox transition zones (e.g. the sulfate-sulfide boundary), 
can benefit from up- and dow nw ard pore fluid oscillations. Maybe this process is sufficiently 
im portant to drastically increase the activity and metabolic rate of the organism compared to 
a state where it is solely depending on the diffusive migration of geochemical com pounds.

The process controlling the geochemical transport in such conditions is effectively the 
pum ping induced by tidal sea-level fluctuations. In case of less permeable sedim ents, the 
effect w ould be less strong, yet even with a hydraulic conductivity of 2 orders of m agnitude 
smaller (K  =  10_9m.s_1), the convective transport w ould be still equal to or larger than 
the diffusive transport in the example above.

7.3 Eustatic sea-level fluctuations

In the previous section, it was shown how tidal sea-level fluctuations can influence the sub
surface pressure field. If we expand the time-scale from (semi-)diumal to thousands of years, 
and the sea-level fluctuations from meters to tens of meters, different effects will appear at 
different timescales and spatial scales.
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One of the most im portant factors in driving subsurface fluid flow induced by tidal oscil
lations was the pressure difference in function of time, or in other words, the rate at which 
the sea-level changes. A tidal sea-level change of 4 meters in the six hour transition from 
high to low tide equals a sea-level change rate of 1 meter per 1.5 hours. A global eustatic 
sea-level change of 50 meters in 10000 years has a rate of only 1 meter per 200 years or 1.7 
million hours... a difference of over 5 orders of magnitude. The direct consequence of this is 
that the left term in the governing equation for subsurface fluid flow (equation 3.23 on page 
42) is negligibly small compared to the right term. As a consequence, the pressure field will 
approach a steady state situation at any given time. Therefore, eustatic sea-level fluctuations 
will not drive fluid flow processes in the shallow subsurface in a similar way to tidal oscilla
tions. However, large-scale fluid flow mechanisms may appear, based on different processes.

Overpressure generation in confined source layers In the (deep) subsurface, the hydraulic 
conductivity of sediments is variable. If a deposit with very low permeability (a seal) covers 
permeable sediments, a (relative) sea-level fall can create excess pore pressure below the seal. 
Suppose a succession of a permeable unit, a low permeability unit and a permeable unit. The 
height if the sea level is h [m]. The initial pressure state in the whole succession is hydrostatic 
as shown in Figure 7.2a. The pore pressure p [Pa] at depth z [m] below the sea surface will 
be p(z) =  Ph(z) = pwgz (the subscript h indicates hydrostatic conditions), with g [m.s-1 ] 
the gravitational acceleration and pw [kg.m-3] the density of the fluid. A new sea level h! is 
reached after a sea level drop dh, =  h — h!. Consequently, the pressure in the zone above the 
seal will decrease and become hydrostatic again, or p'(z) =  p'h{z) =  Pw9 ( z —dh). However, the 
zone under the seal cannot equilibrate as fast as the upper zone because the low permeability 
sediments slow dow n the fluid flow from the lower to the upper sediments. The total pore 
pressure in this zone is now p'(z) = p[t(z) +  pe(z) = , w ith p/¡, the hydrostatic pressure as 
defined before and pe the excess pressure, or overpressure (the subscript e indicates excess 
pressure).

As a consequence of the sea level drop, the total stress a, defined by the total overbur
den has decreased. In the upper permeable zone, the effective stress ae — a — p does not 
change, bu t in the lower permeable zone, the effective stress will decrease. This pressure sit
uation is cartooned in figure 7.2b. The decrease in effective stress will initially be equal to 
the hydrostatic pressure difference. In most cases however, this will be insufficient to induce 
hydrofracturing because the hydrostatic pressure difference is small compared to the initial 
effective stress. If, however, the initial pressure state already includes overpressure below 
the seal, e.g. due to the presence of gas or oil, the initial effective stress will be smaller. The 
hydrostatic pressure difference caused by a sea level fall will then be relatively more im por
tant, and further reduce effective stress to such a level that the yield strength of the sediments 
could be reached. Hydrofracturing, or reactivation of pre-existing fluid pathways may occur. 
The conditions for fracturing will be dealt with later in this chapter.
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Figure 7.2: The effect on subsurface pore pressure below an layer with low  perm eability after 
a sea level drop, a) Initial situation, b) after sea level drop: the pressure below the seal cannot 
(instantaneously) reach equilibrium and is in a situation o f overpressure.

M ethane exsolution in m ud volcano pipes A second mechanism influenced by a relative 
sea level fall is the exsolution of gas, e.g. methane, in sediments. Gas exsolution is well-known 
from eruptions of magmatic volcanoes, driven by the exsolution of dissolved w ater from the 
magma in the volcano pipe. Water vapour is formed when a certain confining pressure is 
released -  leading to a considerable volume increase which leads to the violent eruptions 
characterizing Plinian eruptions. In the feeder pipe of a pre-existing m ud volcano, we may 
expect the presence of large am ounts of methane dissolved in the pore w aters -  at least in 
cases where thermogenic gas production is (one of) the main cause(s) of the overpressure 
production at great depth. Let us suppose that the pore waters in the m ud column of the 
feeder pipe is saturated with dissolved methane, and that no gaseous m ethane is present yet. 
The solubility of a gas is a function of pressure and tem perature, which can be expressed by 
H enry's Law, or

ca =  kHpg (7.2)

or the concentration ca [M] of gas com pound a in the pore fluid depends on the partial pres
sure of the gas phase, pg[atm], with kn[M /atm \ the tem perature dependent Henry constant 
for a given gas. This also signifies that at a given pressure p, the gas m ust reach concentration 
ca before exsolution takes place. A different formulation of the Henry constant is inv[M Pa],
an inverse notation where pressure is represented in MPa and concentration as mole fractions
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(mol gas /  mol H 2O ). Then H enry's Law becomes

P (7.3)

The formulation of kpff inv is obtained from data given by Lekvam and Bishnoi (1997), who 
experimentally defined the dissolution of m ethane in w ater at low temperatures and inter
mediate pressures (lower than 100 bar, or 10 MPa), below gas hydrate forming conditions. 
The equation used here will be

This will only be applied below hydrate forming conditions because the introduction of a 
third phase greatly complicates the thermodynamics, hence also the methane solubility. Equa
tion 7.4 was compared with experimental data available in literature and yielded fairly good 
correspondence. For low tem peratures (0 and 5 °C) at low to intermediate pressures (0.1 to 
10 MPa), the data presented by H anda (1990) corresponds quite well at lower pressures (< 50 
MPa), but the difference increases with pressure: about 50% at 100 MPa. At low pressure (3.45 
MPa) and low temperatures (0 to 15 °C), equation 7.4 corresponds very well at 10 to 15 °C to 
data supplied by Song et al. (1997), with less than 25% difference at 15 °C. With decreasing 
tem perature, the difference increases because Song et al. (1997) dem onstrate a sorption effect, 
which they attribute to the onset of gas trapping in w ater molecules that leads to gas hydrate 
formation. Yang et al. (2001) present m ethane solubilities at 25 °C over a broad range of pres
sure (2.33 to 12.68 MPa) and it appears that at this temperature, equation 7.4 corresponds 
rather well for pressures up to 10 MPa.

As an example, let the initial water depth be 500 m, and the m ud column length 500 m 
as well. The sea floor temperature is 10 °C and tem perature increases with depth, along a 
gradient of 0.05 K.m-1 . Lowering the sea level by 50 m will decrease methane solubility, 
leading to a gas volume creation of 1.3 to 4.6 x 10~3L per L of pore fluid, depending on depth 
(Figure 7.3). A sea level drop of 100 m has a slightly higher volume increase, w ith 1.4 to 5.2 
x 10_3L L of pore fluid. It m ust be noted that these volumes are calculated at in situ pressure 
and tem perature at any depth. At standard conditions, these volumes are much higher. The 
increase in pore w ater pressure related to this volume increase depends on the compressibility 
of the medium, accordingly

k H , in v  =  2 1 7 6  +  8 3 ’ 3 4 ( T  -  2 7 3 ’ 1 5 ) (7.4)

(7.5)

w ith dV  the volume increase per unit of original pore fluid volume Vp, n[Pa~l] the bulk com
pressibility and dPex the excess pore pressure created. With compressibillities ranging from 
1 x IO-7 for very compressible materials, to 4.4 x IO“ 10 for water (very little compressible),
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the excess pore w ater pressure results in 50 kPa to 44 MPa. Thus the result is strongly de
pending on the material compressibility. It can be expected, however, that for shallow depths 
where overburden pressure (and thus yield strength) is smallest, the volume increase (which 
directly results in a density decrease) will be able to cause a pressure- and density-driven 
upw ard migration of the gas-bearing matrix.

Once this process has started, the gas exsolution process will accelerate because the 
m ethane solubility in the uprising m ud and fluid will further decrease. This in turn, de
creases the confining pressure on the buried and potentially overpressured source system, 
which can result in increased m ud volcano activity due to depressurization of the m ud and 
fluid reservoir.

Volume increase due to gas exsolution
 50 m sea level drop
 100 m sea level drop-50

'S -200 3
I  -250 
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xlO"3

Figure 7.3: Volume increase in m L gas per L o f pore fluid in function o f depth. Dense line: 50 
m  sea-level drop. Dashed line: 100 m  sea level drop.

7.3.1 Mud flows and mud volcano activity: a eustatic trigger?

The question m ust now be asked w hether large-scale (eustatic) sealevel fluctuations can be 
the cause of the proven recurrent m ud volcano activity on the Moroccan margin (and else
where). H ydrofracturation a n d /o r  re-activation of pre-existing m ud and fluid mobilization 
pathw ays m ust be regarded: it is essentially the breaking up of overburden strata that will 
allow the m igration of fluid and m ud tow ards the surface. Im portant concepts in this view 
are the failure criteria of the buried sediments, the stress patterns at great depth, including 
overpressure. First the case of overburden (hydro)fracturation will be regarded, and second 
reactivation.
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7.3.1.1 Genesis of fractures

The m ode of failure in a given rock depends on the differential stress {a\ — <73) and the rock 
tensile strength1 T  (Secor, 1965). Furthermore, the fluid pressure Pf is im portant since it 
decreases the total stress <7 to an effective stress a' =  a -  Pf. The different failure types are 
illustrated in Fig. 7.4 for an intact rock failure envelope and a cohesionless reactivation.

Three types of failure can be discriminated. For low differential stress, i.e. when (cri—(7 3) < 
AT, extension fractures form in accordance with the hydraulic fracture criterion

This means that faulting will occur if the m inim um  effective stress equals tensile strength 
(the minus indicates extension). Because 2a  =  0, failure will occur along planes perpendicular 
to the least compressive stress (73 (Sibson and Scott, 1998).

Under high differential stress, i.e. when (cri — (73) >  6 T, compressive shear failure may 
occur in accordance with the linear Coulomb criterion:

where C  «  2T is the cohesive strength, the internal friction, and r  and an are the compo-

W here 4T < (0 1  — (73) < 6 T, hybrid extensional-shear fractures may be generated. Sibson 
and Scott (1998) also show that in an extensional regime (av = a\), the vertical permeability 
will be enhanced whereas in a compressional regime (av — <73), the horizontal permeability 
increases. The result is that (sub)vertical extension fractures and steep normal faults in ex
tensional regimes facilitate vertical flow. In strike-slip regimes (av =  (72), vertical flow is also 
enhanced through the association of subvertical faults and extension fractures. In compres
sional regimes, subhorizontal extension fractures and low-dipping thrusts will rather enhance 
horizontal fluid flow; which makes it easier to sustain fluid overpressure w ithout fluid escape

Pf = c 3 + T (7.6)

or,

*3 = - T (7.7)

T  - C  +  /ij(<7„ -  Pf) (7.8)

nents of shear and norm al stress on the failure plane. This can be w ritten in function of the 
principle stresses (Sibson and Scott, 1998):

(7.9)

3Tensile strength can be defined as the stress at which a rock breaks.
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Figure 7.4: M ohr's Circle representation o f stress patterns and failure angles for extensional, 
transitional and compressional regimes. When no cohesion (C=0) is present, extension will 
always invoke failure and under compression, smaller deviatoric stress is required to induce 
failure.

tow ards the surface. With this information, it is possible to estimate the am ount of overpres
sure needed to create failure or reactivation in general at any given depth. More specifically, 
and with interest for m ud volcano activity, it is the situation where subvertical extension frac
tures facilitate vertical flow.

In a situation where no tectonic forces are present, the stress field is controlled by the
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overburden. The vertical stress is given by

a v ( z )  =  [  P b ( z ) g d z ,  (7.10)
Jo

and the corresponding horizontal stress is

°h(z ) = (7 ,n )

with V the Poisson ratio for the rock (i.e. a material property that describes the ratio of the 
transverse strain divided by the relative axial strain when a load is applied to it). A more 
advanced description of the horizontal stress takes into account the pore pressure increase in 
a laterally confined basin (Hombach, 2004):

= ( n b )  <’" + a  ( t = t )  P/- <7-12)

Since no tectonic forces act, av will be the greatest stress, and thus be defined as o\. The 
horizontal stress 07, equals the minimum principle stress <73.

The normal and shear stress corresponding with the principal stresses are 

an = ( ° X CT,î  — ( a> a3 \̂ cos(20) r  =  f  sin(20) (7.13)

Taking into account the pore pressure, this leads to

a n  = ° n ~  P f  t '  =  T  (7.14)

Now, the potential of a sea level fall as trigger for m ud volcano (re)activation will be 
calculated. The goal is to obtain an equation that describes which sediment- and w aterdepth 
is needed to induce failure. Then, this can be compared to natural examples.

The first case is where no pre-existing overpressure is present in a confined layer, or in 
other words the pore pressure is hydrostatic. The depth of the top of this confined layer 
will be varied from 0 meter below the seafloor to 5000 meter below the seafloor; the depth 
of the sea w ater column will also be varied from 0 to 2000 m. The density of the buried 
sedim ent is taken constant and set to 2000 kg.m-3 . The w ater density is set to 1000 kg.m - 3  

and the gravitational acceleration to 10 m.s-2 . These values are chosen in order to obtain an 
idea about the order of m agnitude rather than a 'exact' value with large deviations. Further 
constants include the tensile strength T  — IO6 Pa, Poisson's ratio v = 0.45 and friction factor 
/z =  0.55 which gives K  = 2.8604.
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Tensile extensional failure may occur when

ai — 0 3  < AT.

As the vertical stress is the highest stress, this leads to

av - a h < AT

which develops, after taking into account equation 7.11, to

Reordering and substituting equation 7.10 into the last equation, yields

which means that tensile extensional failure may occur where the height of the overburden 
w ater column and two times the sedim entary column is less than 2 2 0 0  for the given tensile 
strength of 1 MPa.

For failure actually to occur, the hydraulic fracture criteria (equation 7.6) m ust be met. 
This means that the stability is preserved as long as

or finally

hw -F 2hs < 2 2 0 0 (7.15)

P f <  0 3  +  T

which can be developed as

Pf < o\i T T

p f  < ( r = ^ ) a”+T
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and finally

hw — 3.5h. < 550. (7.16)

This inequality, together with equation 7.15, define the field where stability is m aintained 
(Figure 7.5). As soon as hw -  3.5/?,, =  550, extensional failure should occur. This means that 
extension fractures will only start occurring in w ater depths over 550 m.

Normal shear failure may occur when

<*v -  <Jh >  6  T

and taking into account equation 7.11 this leads to

av 1 -

(Jy ^

1 - V

6  T

>  6  T

( « 0
and after substitution of equation 7.10

{hwpw +  hspb) > ( —  ) ( -1 - ~  ) =  3.3 x IO6
9 )  V1 -  2i/

or finally

hw T 2hs >  3300 (7.17)

which means that in order to create failure the sum  of the w ater depth and two times the 
sedim ent depth m ust be larger than 3300 m.

The failure criterion for this situation, as given in equation 7.9, expresses the (minimum) 
pore pressure needed to effectively create shear fractures. The equation can be further devel-
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oped to

(h w  4~ h s ) pwg — ^  ^ ( h w Pw  T  h sp b )g  -F
[4  T s i K - ( h wPw + hspb) g ( ^ )

(K - 1)

which ultimately, after reordering and substituting the constants by their values, leads to

Thus, equations 7.17 and 7.18 define minim um  water-sediment depths at which norm al shear 
faults will occur solely due to the overburden stress under conditions where pore pressure is 
hydrostatic.

Now, the four equations 7.15, 7.16, 7.17, 7.18 can be plotted in a graph in function of 
w ater depth hw and sedim ent depth hs. Figure 7.5 represents the situation calculated above, 
i.e. with a tensile strength T  =  1 M P a  corresponding to compacted sediments. The figure 
illustrates the fact that in extensional regimes both hydraulic extension fractures and normal 
shear fractures can develop 'near ' the seafloor under hydrostatic conditions (indicated as 
'Unstable' in Figure 7.5). At deeper levels, this is not possible and fluid pressures higher than 
hydrostatic pressure are required to invoke failure.

A comment m ust be made concerning the tensile strength of the sediments. M uds close 
to the seafloor have a very low tensile strength ( <  1 MPa). However, some tensile strength 
is needed for tensile cracks to form. If there is no or very low tensile strength, then the re
quirem ent in equation 7.15 will never be met because the differential stress will always be too 
great and correspond to the situation of normal shear (equation 7.17). However, with increas
ing depth, sedim ents get more compacted and thus gain strength (e.g. Nichols, 1995; Jolly 
and Lonergan, 2002). So apart from a lower limit to tensile fracture formation, there is also an 
upper limit although it is hard to precise the position of that limit. Jolly and Lonergan (2002) 
report that in this upper zone, where normal shear failure occurs, the injection of fluidized 
sands manifests itself in the form of pipes rather than dykes or sills.

The am ount of overpressure needed to create failure at deeper levels can easily be cal
culated from equations 7.6 and 7.9 (corresponding to tensile extension fractures and normal 
shear fracture), bu t where the pore fluid pressure Pf is augm ented with the overpressure pe, 
or

h w =  1 . 5 7 7 h s -I- 1300. (7.18)

Pf +  pe = (73+ T (7.19)

(7.20)

In other words, the effective stress is further decreased, and failure will occur over a broader
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Failure domains in function  o f overburden
2500

2000
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I  1000
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500 1000 1500 2000 2500 3000 3500 4000 4500 5000
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Figure 7.5: Extensional failure domain for a tensile strength o f 1 MPa.

field. The two failure criterion equations can be written similarly as before as

9 P w { h s T  ) -f- Pe —

{hw T" h's'lPwd T Pe —

1 - 1/
diPb^s T - Pwhw) T  T

„ X Í4 T y / K - ( h wPw + hsPb) g ( ^ )
( h w Pw  4" hsPb)g H

1 - 1/ ( K -  1)

which will lead to

hw = 3.5ha -I- 550 -  pe/ 10000 

for tensile extension fault creation and

hw = 1.577ha + 1300.8 -  pe/2795.5

for normal shear fault creation.

In case of a sea level fall of e.g. 100 meter, the excess pressure below any layer w ith low
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permeability will be pe =  pwgA h  «  1 MPa. In such a case, the previous equations become, 
depending on the regime,

for the sedim ents below the layer with low permeability, which means that the unstable do
mains (figure 7.5) move to the shallower water depths and deeper sedim ent depths. The 
presence of a fault will allow fluid migration to re-equilibrate the pressure field. This will be 
expressed as escape of fluid, possibly w ith m ud entrainment, at the seafloor surface.

In case of the El Arraiche m ud volcano field, which is situated at depths between 150 and 
850 m, the only possible fractures generated would be tensile extensional fractures (suppos
ing that the sedim ent tensile strength of 1 MPa is justified). Furthermore, as can be seen in 
figure 7.5, the m ud source should be rather shallow. However, this does not at all explain 
the presence of rock clasts sampled in the m ud volcano craters that originate from kilome
ters deep (Ovsyannikov et al., 2003). Additionally, the high am ounts of thermogenic gases 
in some m ud volcanoes (Stadnitskaia et al., 2006) and fluid composition (Hensen et al., 2007) 
also indicate deeper fluid sources, and thus will require deeper fluid migration pathways.

I Therefore, we can exclude that the origin of the m ud volcanoes is due to the genesis of 
shallow fractures combined with a sea level drop.

7.3.1.2 Fracture reactivation

If a pre-existing fluid flow pathway (a fault, or a m ud volcano feeder pipe, for instance) exists, 
then the tensile strength and cohesion would be much smaller because previous fracturation 
processes have already taken away the strength of the rock if it has not been cemented. The 
tensional extension fracture would normally not occur because normal shear fractures would 
preferentially occur at a higher effective stress (see the last case in figure 7.4). In a theoretical 
cohesionless case with C  æ  2 T  = 0, equation 7.20 simplifies to

hw = 3.5 hs +  450 

hw =  1.577ha + 943

(7.21)

which can be developed as

p w ä { h s -F h w ) +  Pe — j  K , ) 1 g { p w h w  +  P bhs)

or

hw = 1.577hs — Pel2796. (7.22)
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If an overpressure of 1 MPa exists at a certain level, then the depth equation w ould become 

hw = 1.577h, -  358.

In other words, an overpressure of 1 MPa would allow fluids to break a seal and migrate 
upw ards from a greater depth.

The cohesionless situation also applies to the near-surface sediments, as already discussed 
in previous section. However, the significance for fluid flow is small if not nonexistent be
cause at very shallow levels, overpressure cannot easily be generated because hydrostatic 
equilibrium is better retained through the high porosity/permeability.

Let the Mercator m ud volcano now serve as an example: its crater is situated at a depth of 
about 350 m below sea level. If the m ud volcano feeder pipe has a low permeability (packed 
with m ud breccia) and therefore acts as a seal, which allows for overpressure to be built up, 
a 1 0 0  m sea level drop would lead to a shear failure and mobilization of the overpressured 
m ud from a depth of 450 m.

The same comment can be made as in the previous part: mobilization of deep-sourced 
clasts and thermogenic gases cannot be explained by a mobilization from a few hundred 
meters.

7.3.1.3 Sea-level fluctuations as a driving mechanism of mud volcano activity?

It seems unlikely that a sea level change as sole cause of subsurface overpressure will be the 
only driver of m ud volcano activity. First of all, the hypothetical source depth w ould have 
to be very shallow and this is not observed in the case of the Moroccan margin and Gulf of 
Cadiz m ud volcanoes. The remobilisation process of m uds from a shallow depth  cannot be 
excluded however, and might be responsible for some of the extrusive events observed in the 
study area.

Additionally, a two-stage scenario could be hypothesised, including a mobilisation of flu
ids, rocks and m ud from deeply buried layers to a near-surface position in a m ud chamber 
(similar to a magma chamber in magmatic volcanism). The migration could be controlled 
by deep tectonic forces related to the accretionary wedge. Mud chambers are known from 
m ud volcanoes elsewhere although there is no proof that such structures w ould exist in the 
study area. The second stage would include a transfer of the m ud breccia present in the m ud 
chamber tow ards the surface. Further geophysical and modeling studies should be done to 
test this hypothesis.

Finally, if a shallow-sourced m ud volcanism (stage two) w ould indeed be driven by sea 
level fluctuations, other evidence should be found for this in the (seismic) stratigraphie record 
(erosional events, e.g.).
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7.3.1.4 A note about tectonic compression

In the past exercises, the highest stress was the vertical stress or overburden stress: <j\ = av. 
This regime actually occurs in deltaic or passive margin environments. In strike slip environ
ments ((72 =  av; transpressive regime) or thrust fault environm ents ((73 =  av; compressive 
regime), the failure domains defined by equations 7.15 and 7.17 will have to be calculated 
differently since the Poisson effect is not valid. Furthermore, as the fractures have a certain 
angle with regard to cri, their direction or angle of the fracture will be different as well.

In terms of failure criteria, ultimately the difference between Pf and <73 is most im portant 
(e.g., Grauls, 1997): in a compressive regime, a3 = av, which is higher than in the extensional 
regime, a j =  ovv¡(X — v), and therefore higher fluid pressure will be maintained before failure 
occurs.

7.4 Seafloor current driven subsurface fluid flow  (steady state 
effect)

7.4.1 Introduction

In this section, an externally driven subsurface fluid flow process that acts on a much smaller 
scale than in previous sections will be discussed.

Bedform-generated convective transport in sediments (Thibodeaux and Boyle, 1987) is a 
well-known small-scale process created by imbalances in pressure over distance. Huettel et al. 
(1996) and related following studies (Huettel et al., 1998; Huettel and Rusch, 2000; Huettel 
et al., 2003; Reimers et al., 2004; Roy et al., 2005) dem onstrated particle transport driven by 
small pressure gradients when bottom flows are deflected by small surface structures. In their 
1996 paper, the ripple topography enhanced interfacial particle flux by a factor 2.3 compared 
to a control and thus is of importance for organic m atter uptake in permeable shelf sediments. 
Reimers et al. (2004) showed an association of episodic fluid pum ping w ith the greatest 5% 
of wave heights and current speeds recorded in a rippled continental shelf sand deposit; the 
distance-time averaged vertical fluid flow velocity varied from 6  to 53 cm h _1. In their study, 
Reimers et al. em phasize the enhancem ent of benthic oxygen consum ption in pore-water 
flow-through ripples. These studies thus show that convective transport is a very significant 
process for the biological and geochemical environm ent in permeable sediments.

The process of bedform-generated convective transport in sedim ents is here projected to 
a larger scale: seafloor obstructions such as carbonate m ounds, steep seafloor 'cliffs', etc. will 
affect the local current patterns in terms of pressure and velocity. Near-seafloor pressure im
balances will, analogous to small scale structures like sand ripples, produce subseafloor fluid 
convection. Because the pressure effects are active on a larger scale, the advective transport
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will be felt dow n to a greater depth. We will assess the importance of the advective process 
by modeling w hat its effect on the sulfate-methane transition zone (SMTZ) is.

7.4.2 The model in general

The model is made up of 3 parts: the flow of water over an obstacle resulting in a pressure 
field; the effect of this pressure field on the subsurface fluid flow (Darcian model) and fi
nally the transport-réaction in result of this fluid flow. All mathematics and numerics were 
discussed in chapter 3.

7.4.2.1 Current over a seafloor obstacle

The model geometry is made up by a 2-D box as presented in fig 7.6. The turbulent fluid flow 
model (Re — IO6 — IO9 1) is based on the Navier-Stokes equations 3.26, describing the 
motion in incompressible fluids, expanded w ith equations for turbulence kinetic energy and 
dissipation rate of turbulence energy (k-epsilon model, valid at high Reynolds num bers, see 
equations 3.31) (Wilcox, 1998).

The model comprises the steady inflow of a fluid at the left boundary, a no-slip boundary 
wall condition at the lower boundary, a continuous boundary at the top (no friction) and a 
neutral boundary at the outflow side of the box. The obstacle in the flow will locally acceler
ate the flow and hence create low pressure fields at or near the top of the structure. Simulta
neously, high pressure fields are created at the foot of the structure (figure 7.7). For different 
input stream velocities, the resulting vertical velocity profile and the differential pressure pro
file at the crest and base of the obstacle is shown in figure 7.8. The differential pressure field 
is calculated for different inflow velocities, ranging from 1 to 100 cm s_1, yielding pressure 
fields of variable magnitude.

The differential pressure at the bottom is used as upper boundary condition for the sub
surface part of the model.

7.4.2.2 Subsurface fluid flow

The second part of the model calculates the flow pattern using a steady state Darcian fluid 
flow model (see section 3.3.2 for the relevant mathematics). The geometry used (figure 7.9) 
is a 200 m by 200 m box representing a homogeneous stack of sediments with hydraulic con
ductivity K. The controlled experiment by Huettel et al. (1996) used sandy sediments, with 
permeability k > 2.IO“ 11 m 2 (equivalent to a hydraulic conductivity K  > 2.IO-4 m .s-1 ). We 
will use this as an upper limit for the K range 2 x IO-4 to 1 x IO“ 13 m .s-1 . The differential 
pressure is im posed as upper boundary, all other boundaries are no-flow boundaries. The 
model result gives us a differential pressure distribution in the sedim ents from which we can 
calculate the fluid flow velocities (equation 3.7), using the differential pressure gradient. Fig
ure 7.10 represents streamlines and direction and m agnitude of the flow. Seawater is pulled
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Figure 7.6: General geom etry used for the numerical m odel involving a current over a 
seañoor obstacle. Axes units: meters.
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Figure 7.7: The effect created by an obstacle at the seafloor on the velocity held o f the water 
column. A xes units: meters.
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Figure 7.8: Vertical velocity (left) profiles and differential pressure (right) profiles. Curve la 
is a velocity resp. pressure profile at the crest o f the obstacle for a inpu t velocity o f 10 cm.s-1; 
curve lb  is situated at the foot o f the obstacle. Curves 2a and 2b are analogous for input 
velocity 20 cm.s-1 . Horizontal axis units: meters.

into the sedim ents near the base up- and dow nstream  of the obstacle, and pore w ater is ex
truded near the crest of the obstacle, slightly dow n the dow nstream  side. The strongest fluid 
flow is present near the seafloor and quickly weakens with increasing depth.

The fluid flow velocity field is subsequently used as the advective com ponent in a transport- 
reaction model.

7.4.2.3 T ransport-réac tion  m ode l

The effect of the advective transport on the subsurface geochemistry is m odeled through 
a second order transport reaction model applied to the same geometry as the above darcy 
model. The change of depth of the sulfate-methane transition zone (SMTZ) is sim ulated in 
order to quantify the significance of the process of bedform-generated fluid advection on large 
structures.

The transport-réaction model comprises (1) diffusive transport of sulfate and methane 
with diffusion constants 1 x IO-9 resp. 3 x IO-10 m 2.s_1 (Lerman, 1979), (2) advective transport 
driven, with velocities determ ined in the above darcy model, and (3) reaction of methane 
and sulfate at their interface, simulating anaerobic methane oxidation (Hinrichs et al., 1999), 
through the second-order reaction equation 3.41.

A constant concentration of 30 m ol.m_J is set as boundary condition for sulfate [S04] at 
the seafloor, and for methane [CH4] a constant upw ard flux of 1 x IO-9 mol.m 2.s_1 was 
im posed at the lower boundary to generate a SMTZ at a depth of 10-15 m eter below the 
seafloor. This value is w ithin the range of methane fluxes reported in seep-related areas: Dale 
et al. (2009) report fluxes of 1 to 4 x IO-9 m ol.m_2.s_1 in Aarhus Bay while Lapham et al.
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Figure 7.9: General geom etry used for the numerical m odel involving a subseafloor fluid 
flow. Dark gray shades indicate low  pressure fields, light gray shades indicate high pressure 
fields. Axis units in meter.

(2008) m easured m ethane fluxes around brine seeps in the Gulf of Mexico between 6 x IO-8 
m ol.m_2.s_1 and 2 x IO-6 m ol.m -2 .s-1 . Sediments around and on Porangahau Ridge on 
the H ikurangi Margin were characterized by fluxes between 1.33 x IO-10 mol.m-2 .s-1 and 
6.6 x IO-9 mol.m-2 .s-1 (Coffin e ta l., 2007).

Depending on the strength of the flow and the geometry, the SMTZ will be pulled u p 
w ards or pushed dow nw ards beneath the crest of the structure and pushed dow nw ards be
neath the base of the seafloor structure. The effect can also depend on the depth below the 
seafloor as illustrated in figure 7.11. In this example, the location is below the top of the ob
stacle and bottom  w ater current velocity is 20 cm s -1 . The sulfate profile is pulled upw ards 
near the seafloor due to upw ard fluid flow (in other words, the concentration is decreased 
with respect to the no-flow situation; figure 7.12(left)). However, the SMTZ, where the sulfate 
meets the methane, is pushed dow nw ards due to the relatively strong advection of sulfate 
from sidew ards within the structure. The net effect is that there is a relative increase in sulfate 
concentration. At lower speeds, vertical sulfate profiles are entirely pulled upw ards within 
the structure. At the top of the obstacle, there is a convex up profile due to the upw ard flow 
and near the foot of the obstacle, there is a concave dow n profile due to the dow nw ard flow 
7.12.

seafloor pressure distribution

no flow

0 50 100 150 200
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Figure 7.10: Streamline p lo t illustrating the subsurface ñuid  velocity held. Fluids enter the 
sedim ent at the foot o f the obstacle (on both sides) and fluids leave the sedim ent at the crest 
o f the obstacle. Axis units in meter.

7.4.3 M odel results and interpretation

Different param eters will be varied in the model: the obstacle geometry, the seafloor current 
velocity and the sedim ent hydraulic conductivity.

7.4.3.1 M odel geom etry

It is evident that the shape of a seafloor obstacle will control the bottom current velocity 
changes, and thus pressure changes. The width, height and thus steepness of an obstacle slope 
will be varied for a fixed bottom current velocity \v =  0.1 m  s^ 1] and hydraulic conductivity 
(K  =  1 x IO-6 m.s-1 ) of the sediments, to assess their impact on the sulfate-methane transition 
zone (SMTZ) depth and sulphate profile shape. The results are summarized in table 7.1.

The differential pressure field is stronger when the seafloor obstacle is larger. However, it 
is the pressure gradient that will determine the subsurface fluid flow velocity. The differential

-50 0 50 100 150 200 250
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Figure 7.11: Visualization o f the sulfate-methane reaction zone. Left: w ithout advective pro
cess; right: with advective process; the SM TZ is pushed dow n beneath the feet o f the obstacle 
while it is dragged upward below the center o f the obstacle. Axis units in meters.
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Figure 7.12: Left: effect o f convective processes in figure 7.11 on the sulfate profile below  
the obstacle crest: near the seafloor, the sulfate concentration is decreased; deeper the sulfate 
concentration is increased due to sidewards inflow. Right: Effect o f the ñow  direction on the 
sulfate profile shape: an upward ñow  yields a convex up profíle, a dow nw ard flow  yields a 
concave dow n profíle. The former situation occurs below the crest o f the obstacle; the latter 
situation occurs below the flanks and feet o f the obstacle.
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pressure gradient decreases w ith decreasing obstacle height for a fixed width, bu t increases 
with decreasing structure w idth. The reason for this is that for a less wide structure, the 
differential pressure changes over a shorter distance along the outside of the structure, than 
for a wide structure. Hence, the pressure gradient is higher in the less w ide structure. Or in 
other words, the differential pressure is focused on a smaller area.

The generated subsurface fluid flow velocities are highest near the seafloor and quickly 
decreasing with depth; hence, advective transport will be strongest in the upper sediments. 
The velocity near the seafloor is in the order of 15 m m /y  (corresponding with a structure 
w idth of 25 meters and a height of 5 meters) to 0.25 m m /y  (corresponding with a structure 
w idth of 100 meters and a height of 2.5 meters) for the specific bottom  water velocity and 
hydraulic conductivity.

The change in SMTZ depth below the crest of the obstacle is significant for geochemical 
processes. Depth differences range from about half a meter to more than 5 meters. The depth 
change has a linear correlation with the slope and height of the structure for a given w idth 
(e.g. R2=99.9% resp. 99.8% for the correlation between the structure slope and height versus 
the SMTZ depth difference for a structure w idth of 100 m). For the structure with a w idth of 25 
meters, the results rather show an increase of SMTZ depth change with decreasing structure 
height. This is due to lateral effects which become relatively more im portant as the w idth of 
the structure decreases.

A part from the SMTZ depth change, an equally im portant consequence is that the shape 
of the sulfate profile changes. Due to the upw ard advection, the profile gets a concave up 
shape, instead of a nearly linear shape. The am ount of shape change depends on the strength 
of the upw ard fluid flow, hence on the geometry of the the obstacle as discussed above (and 
also other param eters discussed in the next section).

The SMTZ depth change and sulfate profile change at the foot of the structure are m uch 
smaller than below the crest, and thus will be of lesser im portance for the subsurface geo
chemical environment.

7.4.3.2 Bottom water current strength and sediment hydraulic conductivity

In this section, we will evaluate the effect of different bottom w ater current velocities and 
sedim ent hydraulic conductivities for a specific obstacle geometry. The used geom etry has 
a height of 10 meters and a w idth of 50 meters. The bottom w ater current velocity will be 
varied from 0.01 m.s-1 to 1 m .s-1 . The sedim ent hydraulic conductivity will be varied from 
1 x IO-13 m .s-1 to 1 x IO-5 m.s-1 .

The seafloor differential pressure, its gradient and the subsurface fluid flow velocity will 
be evaluated at the crest and foot of the structure, as well as the depth change of the SMTZ. 
Figure 7.13 shows the situation with no advective transport is occurring.
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7.4. Seafloor current driven subsurface fluid flow 2 0 1
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Figure 7.13: SM TZ when no convective transport is active. The SM TZ depth is 15 m  below  
the crest o f the obstacle and 9 meter below the foot o f the obstacle. The dotted lines represent 
the sulfate concentration profile, the dashed line the methane concentration profíle and the 
solid line the reaction o f sulfate and methane.

From the results in table 7.2, it appears that the SMTZ depth can change position in both 
up- or dow nward direction. Below the feet of the obstacle, the SMTZ is always pushed dow n
wards due to inflow of seawater (and sulfate) (figures 7.14 and 7.15). The m agnitude of the 
deepening ranges from a few centimeters to multiple meters, the latter especially in perm e
able sedim ents with high hydraulic conductivity (IO-6 - IO-5 m s-1 ). Below the crest of the 
obstacle, for low hydraulic conductivities or bottom current velocities, the SMTZ is pulled 
upw ards for a few centimeters to meters (figure 7.14). This is an expected situation since the 
low pressure field at the obstacle crest will effectively promote upw ard pore fluid flow (table 
7.3). However, when high hydraulic conductivity is combined with a high bottom  w ater fluid 
velocity, the SMTZ gets pushed dow nwards significantly, due to the strong sidew ards inflow 
of fluids and advecting sulfate (figure 7.15): the structure is being flushed with sulfate-rich 
seawater. This process of sideward flow actually shuts the seafloor obstacle from the methane 
supply from below. Figure 7.16 illustrates the different effects in 2 dimensions.

A nother im portant consequence of the subsurface fluid flow is the shape change of the 
sulfate profile. Three different situations can be identified.

(A) In absence of a significant fluid flow, advective transport is close to zero, hence the 
only im portant processes are diffusion and reaction. There is no change in profile shape, nor 
depth of the SMTZ (figure 7.13).

(B) The fluid flow below the surface is sufficiently strong to give the sulfate profile a
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Figure 7.14: SM TZ when moderate convective transport is active. The gray profiles indicate 
the situation  as shown in figure 7.13. The black profiles represent the new  situation, with  
advection. Due to the advective processes, the SM TZ is pulled upwards to about 12.5 m 
below the crest o f  the obstacle. Below the feet o f  the obstacle, the depth does not change 
much.

concave-up shape and effectively pull the SMTZ upw ards below the obstacle crest. Below 
the feet of the structure, the SMTZ is pushed dow n to some extent (figure 7.14).

(C) In case of a strong inflow of sulfate at the feet of the structure, the upw ard flow is in
sufficiently strong to pull the SMTZ upw ards, and the seafloor structure gets shut off from the 
m ethane flux from below because the sidewards transported sulfate reacts w ith the methane 
before it enters the structure. The net result is that the SMTZ gets pushed dow n below the 
crest of the structure, despite the net upw ard flow of fluids, as is apparent from the concave- 
up shape of the sulfate profile (figure 7.15).

7.5 Case study: The geochem ical environm ent in carbonate m ound  
settings

Along the Pen Duick Escarpment and other sites on the Renard Ridge and Vernadsky Rigde, 
small m ounded deep-w ater coral build-ups have been observed and sampled. The origin and 
evolution of such deep-w ater coral carbonate m ounds is strongly debated (Hovland, 1989; 
Henriet et al., 2002; Freiwald, 2002; De Mol et al., 2002; Hovland and Risk, 2003), especially 
concerning the driving genetic mechanisms of such biogenic structures. Either, it is regarded 
as a biological response to suitable environm ental factors (nutrition, currents, tem perature,
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Figure 7.15: SM TZ when moderate convective transport is active. The gray proñles indicate 
the situation as show n in fígure 7.13. The black proñles represent the new  situation, with 
advection. When the advective process becomes stronger, the SM TZ is pushed  dow nw ard  
beneath feet and crest o f the m ound obstacle. In this situation, the am ount o f sulfate flushed  
into the m ound is so high that methane reacts away before it can enter the m ound  structure.
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Figure 7.16: 2D representation o f subsurface SM TZ o f the profiles presented in figures 7.13, 
7.14 and 7.15.
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-log(K)
Position 11 10 9 8 7 6 5

0.01 C 0 0 0 0 0 0.02 0.28
f—1 F 0 0 0 0 0 -0.01 -0.02
1
C/5

0.02 C 0 0 0 0 0.01 0.11 1.03
B F 0 0 0 0 0 -0.01 -0.06
¥ 0.05 C 0 0 0 0 0.07 0.67 2.24
2 F 0 0 0 0 -0.01 -0.03 -0.62
’Ö)> 0.10 C 0 0 0 0.02 0.28 2.03 -2.84
•4-»C F 0 0 0 -0.01 -0.02 -0.18 -4.17

0.2 C 0 0 0.01 0.11 1.03 1.2 -13.13
3
v F 0 0 0 -0.01 -0.06 -1.2 -19.2
So 0.5 C 0 0 0.07 0.67 2.21 -9.08 N.S.

- u .o F 0 0 -0.01 -0.03 -0.63 -12.71 N.S.
C Q

1 C
F

0

0
0.02
-0.01

0.28
-0.02

2.03
-0.18

-2.92
-4.19

-23.06
-33.17

N.S.
N.S.

Table 7.2: Effect o f the hydraulic conductivity and bottom current velocity on the position  
o f the SM TZ below the crest and foot o f the obstacle. Bold printed values indicate an up
ward shift o f  the SM TZ (in m); normal print indicates a downward shift o f the SM TZ (in m). 
N.S.: N o solution, because the whole m odel domain is Hushed with seawater, due to the high 
hydraulic conductivity.

salinity), or it is related to geological factors such as m ethane escape yielding carbonate hard- 
grounds which serve as settling grounds for corals.

Based on hypotheses by Hovland (1989) and Henriet et al. (1998) and supported by fluid 
flow modeling (Naeth et al., 2005) and their semblance to Phanerozoic m ud m ounds, it was 
deem ed possible that enhanced fluid flow and microbial activity, or remnants thereof, would 
be encountered inside the m ound body. The study of the carbonate m ounds in the NE At
lantic culminated through drilling the M ound Challenger during IODP Expedition 307 during 
which 4 sites were visited. Dissolved m ethane concentrations were found to be low (below 
0.2 //,M) from the seafloor dow n to the m ound base. Below this point, concentrations increase 
steeply up to values over 6 mM at 266 meters depth (IODP Expedition 307 Scientists, 2006). 
This observation is interpreted as a consequence of methane diffusion from deeper Miocene 
sedim ents and anaerobic methane oxidation near the m ound base (IODP Expedition 307 Sci
entists, 2006). Furthermore, the microbial cell num bers is lower than average observations 
(IODP Expedition 307 Scientists, 2006; Parkes et al., 2000) in the upper 30 m of the m ound des
ignating this part of the m ound as a low-activity site. With increasing depth, cell num bers and 
dividing cells increase slightly. At the level of the m ound base, the cell count increases more 
rapidly and the rise in dividing cell num bers indicate active populations and suggest m ethane 
oxidation a n d /o r  methanogenesis occurring in the underlying Miocene silt and sandstones
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(IODP Expedition 307 Scientists, 2006; Webster et al., 2008). Further interpretation of these 
data lead to the suggestion that 'hydrocarbon seepage is not a necessary condition for the 
developm ent of a coral m ound and very likely not for the Belgica m ound province in general' 
(Ferdelman et al., 2006), although sulfur isotope data indicates the possibility of changes in 
depth of the sulfate-methane transition zone (SMTZ) (Ferdelman and Boettcher, 2007).

The observations have thus been used to rule out internal (or geological) processes as 
drivers of m ound grow th and bring the external (or ecological) factors forward as the main 
drivers, the oceanographic setting in this case. However, care m ust be taken to the observa
tions when they are pu t in the perspective of an active system in which fluid flow is a major 
player. As it was shown in section 7.4, it is possible for methane seepage to be cut off at the 
base of a structure due to pore w ater convection cells within the structure.

The existence of such a situation is here tested. A situation is modeled in similarity to the 
Challenger M ound in the Porcupine Seabight, albeit strongly simplified. A m ound shaped 
body (figure 7.17), 150 m high and 400 m wide at the base, is pu t onto a gently sloped sur
face and partly covered by a younger, gently sloped sedim entary unit. The lower unit con
sists of siltstone with a hydraulic conductivity of 1 x IO-8 m.s-1 . The upper unit consists of 
hemipelagic sedim ents w ith a hydraulic conductivity of 1 x IO-11 m .s-1 . Actual param eters 
are not known but these num bers were chosen to reflect the lithology (Bear, 1972). A lthough 
the m ound contains large am ounts of clay and silt, in this model a higher hydraulic conduc
tivity was chosen because it is known that coral frameworks, coral rubble and moldic and 
vuggy porosity yield a much higher effective hydraulic conductivity compared to the sedi
ment in which they are buried. Also, because the m ound features a layered internal structure, 
the effect of hydraulic anisotropy (favouring horizontal flow) is tested for a factor of 5 to 1 
(horizontal to vertical). The isotropic hydraulic conductivity is set to 1 x IO-7 m .s-1 and 
1 x IO-6 m .s-1 . The subsurface fluid flow is driven by the effect described in section 7.4 
(seafloor current driven convection). Seafloor currents were reported at another m ound in 
the Porcupine Seabight (Galway M oundDorschel et al. (2007)) and indicated average speeds 
up to 20 cm /s  with peak velocities of 50 cm /s. the seafloor current is set to 0.2 and 0.5 m .s-1 . 
To model the geochemical profiles, the lower edge at 300-500 m was imposed a m ethane con
centration of 50 mmol.L-1 . The seafloor served as a boundary with a sulfate concentration of 
30 mmol.L-1 .

W hen no seafloor current is acting, the SMTZ is present well within the mound structure. 
At a seafloor current speed of 0.2 m .s-1 , it was observed that the SMTZ was som ewhat deep
ened below the flanks of the m ound and shallowed below it's top. To invoke a shut-off of the 
m ound from m ethane inflow (SMTZ at the base of the m ound), it was needed to increase hy
draulic conductivity to 1 x IO-5 m .s-1 . At a current speed of 0.5 m .s-1 , shut-off was reached 
at hydraulic conductivities of 1 x IO-6 m.s-1 and even strongly enhanced w hen the horizontal 
hydraulic conductivity was set to 5 x IO-5 m.s-1 .

This modeling exercise shows that either at rather strong seafloor currents or at high effec-
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Figure 7.17: Position o f sulfa te-methane transition zone under a carbonate m ound at different 
environmental and hydraulic conditions, a) N o advective sulfate or m ethane transport, b) 
seafloor current speed: 0.2 m .s-1 ; hydraulic conductivity: 1 x IO-5 m .s-1 . c-f) Seafíoor current 
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information.
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tive hydraulic conductivity it is possible to flush the carbonate m ound structure with sulfate- 
rich seawater and push the methane front dow nwards, to a position at or under the m ound 
base. To know w hether the modeled process is actually happening at Challenger m ound in 
the Porcupine Seabight, it will be needed to know the hydraulic conductivity, not (only) of the 
m ud matrix but the effective conductivity. Only future work, including additional drilling in 
m ounds, will give conclusive information. The m odel has to be further refined to evaluate 
the effect of the fluid pum ping process on the genesis of carbonate mounds.

7.6 Effects of external fluid flow drivers

Three types of external fluid flow drivers were regarded in this chapter.
Tidal sea-level fluctuations invoke a semi-diurnal pressure difference on the seafloor. Due 

to the compressibility of w ater and sediments, this pressure difference does not travel instan
taneously into the sediments, but travels dow nw ards as a wave. The pressure oscillations that 
are created this way, invoke fluid flow from high pressure to low pressure areas. The depth 
of this effect depends on the compressibility and hydraulic conductivity of the sediments. 
During a single tidal cycle, fluids can move upw ards and dow nw ards at different depths at 
the same time, but also alternate between an up- and dow nw ard mode at different times. Al
though integrated over time, the total fluid flow is zero, this effect can have a significance for 
geochemical processes because it enables the flushing of chemical com pounds through sedi
ment pores. This can speed up  reactions because these are no longer depending on diffusive 
processes alone, bu t may benefit from advective processes.

Eustatic sea-level fluctuations act at much longer time and larger depth scales. Large- 
scale sea-level drops can create overpressure below low permeability layers and may induce 
methane exsolution in m ud volcano pipes. Both processes are related to possible m ud vol
cano activity. First, it was shown that a sea level drop alone would not be able to (re)activate 
the m ud volcanoes in the El Arraiche m ud volcano field by deeply driven fluid flow. On the 
contrary, methane exsolution in the m ud volcano feeder pipe could trigger the extrusion of 
mudflows, yet the question remains w hether this would invoke the release of deep overpres
sure.

Consequently, the internal drivers discussed in previous chapter remain the m ost impor
tant factors for m ud volcano activation. The role of sea level fluctuations in m ud extrusion 
could be evaluated if chronostratigraphic information were available for the El Arraiche m ud 
volcano field.

Currents over a seafloor obstacle where shown to create small-scale convective cells within 
the obstacle. Depending on geometric and hydrogeological param eters, such a process is 
capable of flushing the obstacle w ith seawater. In areas where m ethane is present in the pore 
fluids and relatively close to the seafloor, it was shown that the sulfate-methane transition 
zone can actually be pushed dow nwards. A case study considering the M ound Challenger
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showed that the absence of observed m ethane within the m ound could be explained by such 
a fluid pum ping model, although a better hydrogeological understanding of such a m ound 
structure is needed to evaluate how realistic this scenario is. The flushing of sedim ents with 
sulfate and the control on the SMTZ depth will also regulate the depth where carbonate crusts 
are formed. In the future, more detailed modeling should be done to evaluate this process in 
other settings where carbonate crusts are formed, e.g. the Pen Duick Escarpment.
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The El Arraiche m ud volcano field is a prim e area to study a large num ber of m ud volca
noes, fluid flow processes and the geological environm ent in which these fluid flow features 
occur. The area is located on the continental slope of the city of Larache (El Arraiche) in NW 
Morocco. In a broader sense, the study area is part of the Gulf of Cadiz (Atlantic Ocean). 
The area had been charted in detail for the first time in 2002 during the Cadipor campagne 
onboard R /V  Belgica. A few months later, extensive seafloor sampling was done with the 
R /V  Professor Logachev (Unesco Training Through Research Programme; TTR-12). Since 
these initial efforts, the site has evolved into a research ground involving a multidisciplinary 
approach, combining geophysical, sedimentological, microbiological, numerical and other 
studies.

• Initially, on the basis of multibeam bathymetric data, side-scan sonar data and high- 
resolution seismic profiling data, a description of the surface and shallow subsurface 
morphologies, structures and stratigraphy of the El Arraiche m ud volcano field, was 
made.

The largest and shallowest m ud volcano, AÍ Idrisi m ud volcano, is nearly 250 m high, 
w ith the top at only 200 meters w ater depth. On the slopes of the structures, m ud lobes 
extending from the crater area are recognized and evidence past events during which 
m ud is being extruded from the crater. M ud flows that once deposited at the foot of 
a m ud volcano, also appear in the subsurface on seismic profiles. These bodies are 
characterized by a chaotic signal because no internal structure is present. This indicates 
that the m ud volcanism is a long-lived and recurring process

Other m ud volcanoes in the area also bear witness of recent and past activity. At the 
surface, the expression can somewhat differ: Mercator m ud volcano has a dom e-shaped 
crater and a stepped terrace morphology, and one m ud lobe running dow n the flank. 
Fiuza m ud volcano is also characterized by different m ud lobes at the surface. In the 
subsurface, all m ud volcanoes show buried m ud flows. Correlation of the m ud flow 
events between the different m ud volcanoes showed that m ud extrusion events did 
not occur exactly simultaneously, however, on a larger time scale (at the level of strati
graphie subunits), the m ud volcano activity in the region was strikingly in concert. The 
onset of the m ud volcano activity in absolute terms is uncertain, although it is possible 
that the first activity appeared shortly after the event responsible for the Q uaternary 
Discontinuity.

Around the m ud volcanoes, large moats are observed, both at the surface as well as 
buried in the subsurface. The orientation of these moats was observed to be dom inantly 
E-W, which is believed to indicate a strong E-W oriented seafloor current. This was 
confirmed by near-seafloor current meter observations

Large ridges, running in a NW-SE direction over tens of kilometers, stand out at the
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seafloor by tens of meters and thus draw  attention. The two westernm ost ridges have 
been nam ed Renard Ridge (south) and Vernadsky Ridge (north). A third buried seafloor 
ridge occurs east of AÍ Idrisi m ud volcano. All ridges plunge towards the W or NW. The 
crests of the ridges all show collapse features to a variable degree. On seismic profiles, 
normal faults can be observed beneath the ridge crests. Along these faults, many bright 
spots and areas with accoustic blanking indicate the presence of shallow gas which also 
adds evidence for fluid migration in the sediments.

The ridge structures consist of a low am plitude seismic facies and is topped by a seismic 
unconformity. On top of that, mostly parallel seismic units occur with small internal 
unconformities; these units are believed to be of Plio-Pleistocene age. On the basis of 
these unconformities, 9 (sub)units were identified. The age of the deepest unconformity 
is unconstrained at this moment, disallowing a reliable chronostratigraphy.

At several places along the ridges, small m ounded seafloor elevations were observed 
on seismic and bathymetric data. Seafloor sampling showed that in many cases, these 
small m ounds corresponded to patches of mostly dead deepw ater corals. The largest 
examples are found at the top of a seafloor cliff called Pen Duick Escarpment: the cliff 
is topped by a series of coral buildups of more than ten meter high, as a relic of a past, 
more viable period. The corals have been found between depths from 700 meters (the 
deepest part of Vernadsky Ridge) to 200 meters (east of AÍ Idrisi m ud volcano). It is 
striking that all these m ounded features occur near or on a culmination. Circumstances 
m ust be, or have been, such that certain current patterns encouraged deepw ater coral 
grow th in these spots.

Based on a few observations and morphological similarities, it is suggested that salt 
sheets exist deep beneath the Plio-Pleistocene units. The morphology of the seafloor 
ridges (with anastomizing substructures), as well as the subsurface structure known 
from line-drawings based on industrial-type data, which resembles salt rollers known 
from the Gulf of Mexico; the presence of salt and gypsum  crystals and brines in the 
crater of Mercator m ud volcano, plead for a mechanism that drives the Tertiary tectonic 
history but also influences the m ud volcanism: the process of halokinesis.

• Carbonate crusts and chimney samples were retrieved from several sites in the Gulf 
of Cadiz, spanning different environm ents (mud volcanoes and sedim entary environ
ments). Insight in the parental fluids and genetic processes of the different samples were 
to be revealed using geochemical and mineralogical analyses.

Lithified m ud breccia crusts sam pled from Kidd m ud volcano on the Moroccan m ar
gin have been formed in two modes: an aerobic m ode during which aragonite is pre
cipitated in voids and fractures, and an anaerobic mode, linked to sulfate reduction 
during which pyrite and microdolomite formed. These two modes alternated, which
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is evidenced by different phases of fracturing and (re)cementing. The parental fluid is 
thought to be deep-sourced because of the m ud volcano setting and isotopic indications 
for the oxidation of thermogenic methane. Heavy oxygen is interpreted as derived from 
gas hydrate destabilization or clay dehydration.

N odular crusts from Meknes m ud volcano have a high-Mg calcite mineralogy, and mi
crodolomite and pyrite is present. All this suggests a formation under reducing condi
tions, within the sulfate reduction zone. Geochemical and isotopic data bear evidence 
of similar fluids involved as for the Kidd m ud volcano.

Dolomitic crusts from Pen Duick Escarpment are pieces of lithified host sedim ent with 
variable inclusion of allochems and bioclasts. The formation of the crusts is linked to 
the seepage and oxidation of thermogenic methane, coupled to sulfate reduction, as 
evidenced by pyrite (and iron oxihydroxide) occurrence. Bioclast dissolution is thought 
to be a late product of pyrite oxidation which creates acidity.

Carbonate crusts and chimneys from the M editerranean Outflow Area are Fe-dolomite 
/  ankerite micrite cemented sandstones w ith evidence of multiple episodes of carbon
ate precipitation in small bioclasts, fine fractures and around allochems, after an initial 
cementation event that lithified the sediment. Recrystallization of bioclasts and other 
components did not take place, however. The precipitation of these samples m ust have 
taken place under slightly elevated temperatures, or influenced by the destabilization 
of gas hydrates.

Carbonate crusts and chimneys from the Hesperides m ud volcano on the Iberian m ar
gin are mostly Fe-dolomite /  ankerite cemented m ud- to wackestones, stained by iron 
oxides that likely are derived from the oxidation of pyrite. High-Mg calcite crusts also 
occur. There is evidence of different phases of carbonate precipitation. The samples 
from this site are the only ones in which microbial methane is inferred as one of the 
dom inant carbon sources, apart from other sources. Here also, heavy oxygen isotope 
compositions can only be explained by inferring gas hydrate stabilization or clay dehy
dration.

From the geochemical observations, it is difficult to propose conclusive evidence about 
the grow th m ode of carbonate chimneys. However, indications exist that the carbon 
isotope composition of the parental fluid is changing over time. In radial sense, we have 
not observed pétrographie differences in the matrix cement of the chimneys. This might 
indicate that the main lithification or cementation probably takes place in one phase, 
during which the elemental geochemical characteristics of the parental fluid does not 
change much over time.

The results indicate a high variability in environm ents of carbonate precipitation in the 
Gulf of Cadiz: m ud volcanoes, carbonate m ound and fault-related environm ents and



218

sedim entary environments. Carbonate chimneys versus carbonate crusts bear evidence 
of precipitation in a focused fluid flow versus a more diffuse gas-charged fluid. Dif
ferences in mineralogy have provided indications about the relative speed of precip
itation and the position with regard to the subsurface geochemical zonation. Carbon 
and oxygen isotopic data has revealed the existence of different types of parental fluid 
com ponents that are involved in the formation of these crusts and chimneys: seawater 
versus fluids derived from gas hydrate destabilization or clay dehydration as oxygen 
sources; thermogenic versus biogenic methane, but also possibly organic m atter and 
marine dissolved inorganic carbon as carbon sources.

After obtaining these geophysical, geochemical and mineralogical evidences of past and 
present fluid flow occurring at different scales and under different conditions, it is worth 
looking at how these fluid flow processes take place, and at w hat time scales. Part of this can 
be achieved through numerical modeling.

The fluid flow processes have been divided in two large classes: internal fluid flow drivers 
versus external fluid flow drivers. Internal drivers are defined as a force or pressure gradient 
that is created inside the sedim ent body while external drivers invoke fluid flow processes 
inside the sedim ents from outside the sedim entary environment.

• Internal fluid flow drivers generate a pressure gradient inside a sedim ent body and can 
have different origins. The most im portant however are density differences and over
pressure. Density driven fluid flow is based upon the fact that heavier fluids sink while 
lighter fluids will rise in sediments. Changing the density of a fluid can be achieved 
in two ways: either the mass of a unit volume of fluid is changed (e.g. by dissolving a 
small am ount of salt in a volume of water), or by changing the volume of a certain mass 
of water (e.g. by thermally expanding a fluid through heating). Density driven fluid 
flow is known from diapiric processes (mud diapirism, salt diapirism), bubbling of gas 
and oil droplets at the seafloor,...

O verpressure in sedim ents is created w hen fluid removal from sedim ents is ineffective 
upon compaction (undercompaction, disequilibrium compaction). This typically hap
pens under conditions of rapid sedim entation or tectonic compression. An alternative 
process is the inflow of oil or gas in a sealed permeable layer which increases pressure 
in the pores due to its lower density.

• The occurrence of large m ud volcanoes on the northw est Moroccan margin conveys of 
the presence of overpressure in the subsurface. On the Moroccan margin, at least two 
im portant factors can be identified that play a role in the generation of overpressure: 
thermal cracking of hydrocarbons leading to oil and gas generation and dehydration of 
clays. The overpressured m ud is piercing the overburden, at least partly controlled by 
structural features (related to the top of the accretionary wedge). This process is driving
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the m ud volcano formation and long-lived activity. Given the evidence for a halokinetic 
influence in the region, salt diapiric processes cannot be excluded.

• The upw ard fluid flow along faults and in m ud volcano feeder pipes will have con
sequences for the thermal and geochemical environm ent in the sediments. For the 
geothermal field, the effect of fluid flow velocity, porosity, time source depth was taken 
into account.

Modeling of the fluid flow velocity showed that the upw ard fluid flow in sedim ents has 
a major impact on the geothermal profile near the seafloor: in this area the conductive 
heat flux is more im portant at low fluid flow velocities than the advective heat flux; 
at high fluid flow velocities, advective heat flux becomes more important. Geothermal 
measurements over a short depth profile near the seafloor will therefore not resolve 
the geothermal situation deeper in the sediments. Such m easurements can thus lead 
to overestimation of the geothermal gradient. Therefore, the effect of fluid flow should 
always be considered during the interpretation of such data.

The importance of the porosity model on heat flux clearly depends on w hat is being 
aimed at. The temperature profiles were very similar for two different porosity m od
els (a compacting model with decreasing porosity w ith depth and a constant porosity 
model). Therefore, the porosity model is not so critical for the tem perature profile it
self. However, for the heat flux calculations, porosity plays a more im portant role and 
should be taken into account.

The simple transient cooling model of a m ud volcano feeder pipe indicated that if no 
or a small residual fluid flow is present, a steady state tem perature profile is reached in 
less than 10000 years over a depth of 1000 meters. At high residual fluid flow velocities 
(or continued activity), high temperatures remain constant throughout the m ud volcano 
feeder pipe; only in the shallowest portions of the sedim ent (in the order of meters to 
tens of meters), cooling can be observed.

The depth of fluid mobilization has a direct consequence for the geothermal field if 
we suppose that in a no-flow situation tem perature increases linearly w ith depth (the 
geothermal gradient). Thus, the depth of the source fluid will impact the tem perature 
of the rising fluid, and thus the advective heat flux. However, at low fluid velocities, 
this effect is rather small.

• In this work, the most relevant geochemical process is the formation of carbonates re
lated to the anaerobic oxidation of methane coupled to sulfate reduction. Model results 
indicated that the anaerobic methane oxidation zone shallows w ith increasing upw ard 
fluid flow velocity, as expected. When the advected methane is highly concentrated, 
the reaction zone very quickly travels towards the seafloor. The depth of the forma
tion of carbonate crusts is thus strongly controlled by the strength of the upw ard fluid



flow in the sediments. Precipitation of chimneys and crusts from the different mud vol
cano craters from which results were reported, can indeed only occur near the seafloor 
if there is an active upw ard fluid flow. If not, the process would take place at much 
deeper sites in the sediments and not easily be accessed in sampling efforts. Carbonate 
crusts and chimneys from an exhum ed site formed at deeper positions m ust thus have 
formed under slower fluid flow conditions. Therefore, it could be suggested that chim
ney formation is rather an expression of preferential fluid flow pathways rather than 
strong and focussed fluid flow.

In model exercises, it was shown that fluid flow velocities caused by tidal sea-level fluc
tuations can reach 3 mm per day. The effect on the subsurface geochemical environm ent 
are im portant because it flushes pore w aters up and dow n and thus will facilitate mix
ing. This may be beneficial for micro-organisms living at specific redox-boundaries in 
the sediments.

An application of thermal field calculations in a m ud volcano crater was done by calcu
lating a gas hydrate stability field in Mercator m ud volcano. An anomalous reflection 
(H event) has been observed in shallow m ud volcanoes on the Moroccan margin. The 
H event was m apped in the Mercator m ud volcano and was interpreted as the base of 
a gas hydrate stability zone, based on its inverse polarity and the fact that it mimics the 
seafloor away from the m ud volcano's crater. Inside the crater, the H event is absent. 
This was supported by the fact that gas hydrate stability modeling with reported ther
mogenic gas compositions, indicated that gas hydrates can be stable at this shallow lo
cation. BSR inferred heat flow showed a concentric heat flow pattern around the crater, 
with a very sharp rise in heat flow near the crater, consistent with the interpretation that 
the gas hydrate layer is affected by a focused flow of w arm  fluid in the crater. Modeled 
heat flow values near the crater edge run up to 1 lOOmlTm-2 and m ust be still higher 
inside the crater. A lthough this is very high compared to background heat flow values, 
it is not abnormal for m ud volcanoes. The absence of a bottom  simulating reflection in 
the surrounding sediments may be explained by a low regional m ethane flux through 
the sediments. Consequently, dew atering of the accretionary wedge complex is mainly 
focused along fault surfaces and through seafloor structures, such as m ud volcanoes.

External fluid flow drivers are defined as drivers essentially acting outside the sedi
mentary environment, even though these drivers create a subsurface pressure gradient 
in the subsurface -  which drives fluid flow. Three types of external fluid flow drives 
were regarded: tidal sea level changes (short time span and low am plitude), eustatic 
sea level changes (long time span and high am plitude) and w ater currents over seafloor 
obstacles and the thereby induced pressure effects.

For tidal sea-level fluctiations to drive subsurface fluid flow, the compressibility of wa-
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ter and sediments m ust be taken into account. If no compressibility w ould exist, all 
pressure changes due to the sea level change w ould occur instantaneously and thus no 
pressure differences over depth would be generated. A stable pressure does not invoke 
fluid flow. Howeer, w ith compressibility taken into account, subsurface fluid flow will 
be generated. Modeling a 2 m tidal sea level fluctuation showed that fluid flow can 
alternate between upw ard and dow nw ard fluid flow, and that up- and dow nw ard flow 
can co-exist at a single time at different depths in the sediment. It can be shown that in 
a permeable environment, geochemical advective transport near the surface is effective. 
In low-permeable sediments, the advective flux is still equal in m agnitude as diffusive 
fluxes.

• Large-scale sea level fluctuations over long time spans, such as eustatic sea level changes, 
will invoke completely different fluid flow related processes.

A (relative) sea level fall can create excess pore pressure in sealed sediments. The 
reason is that the seal prevents pressure re-equilibration. As a consequence, effective 
stress decreases below the seal. If effective stress was low already due to pre-existing 
overpressure (e.g. w ith presence of gas), then the sea level fall could trigger hydrofrac- 
turing processes.

Based on this, the question w hether eustacy can be a trigger of m ud volcano activity in 
the region. Hydrofracturation a n d /o r  reactivation of pre-existing m ud an fluid mobi
lization pathways had to be regarded. It was shown that in extensional regimes, both 
hydraulic extension fractures and normal shear fractures can develop in the shallow 
subsurface under hydrostatic conditions. Deeper in the sediments, this is not possible 
w ithout overpressure. For cracks to form, near the seafloor, a certain tensile strength 
is needed and since loose sediments lack this strength, the requirements for fracture 
formation will never be met. A compact 'strong' seal however may break up due to 
overpressure generated below it. In case of the El Arraiche m ud volcano field, the po
tential m ud source should be shallow. In combination with deep-sourced rock clasts, it 
is unlikely that a sea level drop alone will start m ud volcano activity and should there
fore be assisted by other processes, e.g. the production of gas.

An other mechanism influenced by a sea level fall is the exsolution of gasses. In a 
m ud volcano feeder pipe, where large am ounts of dissolved methane may be expected, 
the sea level fall may induce the creation of gass bubbles. This leads to a volume increase 
or pressure increase and it can be expected that this will be able to cause a pressure 
and density driven upw ard migration of the gas bearing matrix. Once this process has 
started, the gas exsolution will actually accellerate while the gas bearing m ud is rising 
in the feeder pipe. Thus, a sea level drop may trigger m ud flow extrusion at the seafloor.

• A last external fluid flow driver is a seafloor current over a seafloor obstacle. The process
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of bed-form generated convective transport in sedim ents is projected to a larger scale 
than w hat is known from literatures: seafloor obstructions such as carbonate m ounds, 
steep seafloor 'cliffs', etc. will affect the local current patterns in terms of pressure and 
velocity. Near-seafloor pressure imbalances will, analogous to small scale structures 
like sand ripples, produce subseafloor fluid convection. Because the pressure effects are 
active on a larger scale, the advective transport will be felt dow n to a greater depth. 
The importance of the advective process was assessed by modeling the effect on the 
sulfate-methane transition zone (SMTZ).

The numerical model for this exercise was built up by a velocity-pressure model (in
cluding turbulence) over a seafloor obstacle, coupled to a subsurface darcian fluid flow 
model w ith transport-réaction equations to model the geochemical environment.

Over a hill-shaped obstacle, seaw ater is pulled into the sedim ents near the foot of the 
obstacle and extruded near the crest of the obstacle. This convective cell can influence 
the sulfate-methane transition zone below the obstacle. Depending on the strength of 
the flow and the geometry of the obstacle, the SMTZ will be pulled upw ards or pushed 
dow nw ards beneath the crest of the structure and pushed dow nw ards beneath the foot 
of the structure.

The model has been applied to carbonate m ound settings in general and to the Chal
lenger m ound off Ireland specifically. The modeling exercice showed that either at 
rather strong seafloor currents or at high effective hydraulic conductivity it is possible to 
flush the carbonate m ound structure w ith sulfate-rich seawater and push the methane 
front dow nw ards, to a position at or under the m ound base. This result may be of im
portance for understanding the geochemical observations that were m ade during the 
IODP Expedition 307 inside and below the Challenger mound



Chapter 9

Samenvatting

D eel 1: A lgem eenheden  

H oofdstuk  1 : In le id in g

1.1 Vloeistofstromingen doorheen de zeebodem en moddervulkanen

De zeebodem vorm t de grens tussen het oceanische milieu en het sedimentaire milieu. Deze 
twee omgevingen w orden gekenmerkt door specifieke chemische en fysische evenwichten en 
processen. De zeebodem vorm t dus niet enkel een grens, maar vooral een overgang van het 
oceanische naar het sedimentaire milieu.

Vloeistofstroming doorheen de zeebodem is een proces waarbij vloeistoffen van het oceanis
che milieu in het sedimentaire milieu terechtkomen, en omgekeerd. Aangezien vloeistof
fen chemische stoffen bevatten en een bepaalde warm te m eedragen, zal vloeistofstroming 
doorheen de zeebodem zorgen voor transport van chemische stoffen en w arm te tussen de 
oceanische en sedimentaire milieus.

De voornaamste oorzaak van vloeistofstroming doorheen de zeebodem is het voorkomen 
van een ondergrondse verschil in densiteit van vloeistoffen of het voorkom en van drukver
schillen. Voorbeelden hiervan zijn temperatuursverschillen, productie van gas, differentiÄnle 
belasting van een begraven sedimentlichaam, saliniteitsverschillen tussen twee vloeistoffen,...

Een specifiek type van vloeistofstroming doorheen de zeebodem w ordt waargenom en ter 
hoogte van moddervulkanen. M oddervulkanen w orden gevormd ais gevolg van de uitstoot 
van vloeistoffen, m odder en stukken gesteente aan het oppervlak (hetzij op land, hetzij onder 
water). Het uitgestoten materiaal w ordt m odder breccia genoem d en stroomt typisch uit de 
krater van de moddervulkaan. Vooraleer het materiaal uitgestoten wordt, komt het aan het 
oppervlak na getransporteerd te zijn vanuit diepere sedim entlagen doorheen de aanvoerpijp. 
De reden voor dit transport is het bestaan van overdruk in de diepere sedimentlagen. De 
uitgestoten m odder breccia vormt na verloop van tijd een kegelvormige structuur die zeer 
grote afmetingen kan aannemen.

223
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De geografische verspreiding van m oddervulkanen is voornamelijk verbonden met geol
ogische situaties waarbij de vorming van overdruk of ondercompactie in de begraven sed
imenten optreedt; dit is in gebieden m et actieve tektoniek of w aar orogenese aan de gang 
is, w aar hoge sedim entatiesnelheden voorkomen en waar gasproductie voorkomt. Op dit 
ogenblik zijn wereldwijd ongeveer 900 m oddervulkanen op land en 800 m oddervulkanen 
onder w ater gekend. Langs de volledige Alpijnse gordel komen m oddervulkanen voor: in 
het westen in de Golf van Cadiz, in de Alboran Zee, in de Adriatische Zee, in en om Grieken
land (deels gerelateerd aan de hydrotherm ale uitstoot in de regio), langsheen de M editerrane 
Rug in het oosten van de M iddellandse Zee, op de Nijl Delta, in de Zwarte Z ee... Verder 
oostelijk w orden m oddervulkanen gevonden langs de Iraans-Pakistaanse kusten, India, de 
Zuid-Chinese Zee, voor de kusten van Brunei en Vietnam, Hongkong en Taiwan. Ter hoogte 
van de Banda Boog (zuid-oost AziÄn) en de Timor Zee, alsook voor de kust van Nieuw Zee
land werden m oddervulkanen en gasuitsijpelingen waargenomen. In de Atlantische Oceaan 
is een veelvuldig bestudeerde m oddervulkaan de Hâkon Mosby voor de kust van N oorwe
gen. Langs de Afrikaanse kust zijn m oddervulkanen onder andere geobseveerd ter hoogte 
van de Niger Delta. In andere delen van de wereld zijn vloeistofstromingsprocessen even 
goed gekend; de Westelijke Stille Oceaan, Alaska, de w estkust van de Verenigde Staten, ... 
Een regio die tevens zeer veel m oddervulkanism e kent is de Golf van Mexico. Bijgevolg kan 
gemakkelijk gesteld w orden dat het proces van m oddervulkanism e een wereldwijd fenomeen 
is.

1.2 Doei en kader

Het algemene doei van dit werk is een bijdrage te leveren tot de studie van de migratie en 
expulsie van fluida aan de zeebodem, meer specifiek in relatie tot moddervulkanisme.

Het studiegebied in dit werk is de Golf van Cadiz. Dit gebied w ordt gekenm erkt door het 
voorkomen van een accretiewig-achtig sedimentlichaam ten westen van de Straat van Gibral
tar. Bovenop deze sedim entwig komen vele vloeistofexpulsie structuren voor: gasuitsijpelin
gen, korsten van verharde sedim enten, m oddervulkanen,... De aanwezigheid van metaan- 
gas in de sedim enten uit m oddervulkanen wijst erop dat er recente activiteit is geweest. Een 
seismische studie van een provincie van grote m oddervulkanen op de Marokkaanse conti
nentale rand kan inzichten leveren in de dynam iek en ontstaan van m oddervulkanen in de 
regio.

Verharde sedim enten zijn gevonden in zones w aar ondiep m ethaangas en vloeistofstro- 
mingen doorheen de zeebodem voorkomen; het onstaan van de verhardingen lijkt dus ver
bonden met het voorkomen van het gas en vloeistofstromingen. Een vergelijkende studie 
van verharde sedim enten van verschillende locaties kan inzichten leveren in de verschillende 
types vloeistoffen die aan de basis van het ontstaan van de verhardingen liggen.

Tenslotte w orden de observaties en resultaten in een meer algemeen kader geplaatst door
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numerieke simulatie-oefeningen uit te voeren die ertoe dienen het potentieel van de vloeistofmi- 
gratie oorzaken op thermisch en geochemisch vlak te evalueren.

1.3 Projectkader

Het werk dat hier w ordt voorgesteld kadert in verschillende internationale projecten: EC 
FP5 Research and Training Network EURODOM (2002 - 2005), EC FP6 Integrated Project 
HERMES (2005 - 2009), ESF EUROMARGINS MoundForce (2003-2006), ESF EUROMARGINS 
MVSeis (2003 - 2006), ESF EURODIVERSITY Microsystems (2006 - 2008), FWO GeNesis (2003 
- 2008).

H oofdstuk  2 : G eolog isch e achtergrond van het Ibero-M aghrebijns D om ein

2.1 Geografie

H et studiegebied van dit werk beslaat de Golf van Cadiz, een deel van de oostelijke Atlantis
che Oceaan, tussen Spanje en Marokko, ten westen van de Straat van Gibraltar. Langs de 
Spaanse continentale rand komen canyons voor. In het centrale deel van de Golf komen lob
vormige topografische structuren voor met onregelmatige, geaccidenteerde oppervlakken die 
gekenm erkt w orden door breuklijnen -  de geomorfologie op zich verraadt al een complexe 
geologische geschiedenis en structuur. Het zuidelijk deel van de Golf van Cadiz w ordt geken
merkt door een grote depressie -  de canyon van de Rharb Vallei.

H et meest opvallende kenmerk van de regio is de boogvormige gebergtegordel die het 
zuiden van Spanje en het noorden van Marokko beslaat: de Betiden - Rif Boog. Hoogtes van 
meer dan 1000 m w orden slechts enkele tientallen kilometers landinwaarts gevonden. Ten 
noorden en ten zuiden van de gebertegordel komen grote bekkens voor : het bekken van de 
G uadalquivir in Spanje en het Rharb bekken in Marokko.

2.2 Oceanografie

De oceanografische situatie in de Golf van Cadiz is relevant voor het begrijpen van sedi
menta tiepatronen in het studiegebied. De meeste oceanografische studies zijn echter in het 
noorden van de Golf gedaan langs de Spaanse continentale rand.

Een van de belangrijkste factoren in het stromingspatroon in de Golf van Cadiz is de 
uitwisseling van waters tussen de M iddellandse Zee en de Atlantische Oceaan langs de Straat 
van Gibraltar. Warm en zout water stroomt uit de M iddellandse Zee naar de Atlantische 
Oceaan, terwijl koud en m inder zout w ater de M iddellandse Zee instroomt.

Een tak van de Golfstroom loopt langs de w estkust van het Iberisch schiereiland zuid
w aarts naar de Canarische eilanden. Een aftakking hiervan stroomt echter de Golf van Cadiz 
binnen. Een deel hiervan stroomt de Straat van Gibraltar in, terwijl een ander deel langs de 
Marokkaanse rand stroomt. Deze stromingen komen voor aan het oppervlak.
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O nder deze oppervlaktestrom ingen stroom t w arm  en zout w ater uit de M iddellandse Zee 
en splitst in verschillende takken, hoofdzakelijk in drie grote takken: naar het noorden langs 
de Spaanse continentale rand, centraal in de Golf van Cadiz en naar het zuidwesten tot aan 
de Canarische eilanden. Verder is er nog het Noord-Atlantisch Diep Water; het is een koude 
stroming die uit het noorden van de Atlantische Oceaan komt en deels mengt met het warme 
w ater dat uit de M iddellandse Zee komt gestroomd. In het zuidelijk deel van de Golf van 
Cadiz komen sterke seizoenale strom ingen voor en zorgen voor opstuw ing van koude nu- 
triÄhntrijke waters.

In 2005 werden tijdens de 'M oundforce 2004' cam pagne aan boord van de R /V  Pelagia in 
het studiegebied op de Marokkaanse continentale rand stromingssnelheden opgem eten tot 
25 centimer per seconde aan de zeebodem.

2.3 Geologie

De Golf van Cadiz bevindt zich aan het westelijke uiteinde van het Alpijns vervormings- 
front tussen EuraziÄn en Afrika. Daarnaast werd de geologie ook beÄfnvloed door riftings- 
en spreidingsprocessen die in verband stonden met het openen van de Atlantische Oceaan. 
Verdere complexiteit w ordt toegevoegd door de aanwezigheid van een accretiewig-achtig 
lichaam, massabewegingen en verm eende subductie onder de Straat van Gibraltar.

Het ontstaan en de evolutie van de Atlantische Oceaan, alsook de convergentie van Eu- 
raziÄh en Afrika zijn belangrijk voor het begrip van de geologie van de Golf van Cadiz. 
Zeebodemspreiding trad op vanaf 180 miljoen jaar (Ma) geleden in de Centrale Atlantische 
Oceaan en rond 140 Ma in het zuiden van de Noordelijke Atlantische Oceaan. De spreiding 
van de westelijke Tethys Oceaan had tegen het begin van het Jura gezorgd voor de spreid
ing van Africa en Iberia. Een triple junction in de buurt van de Gorringe Bank zorgde voor 
de scheiding van Noord Amerika, Afrika en Iberia. Het duurde echter tot het begin van 
het Tertiair om de scheiding van de continentale korsten volledig te voltrekken en te resul
teren in voornamelijk passieve continentale randen. Vervolgens zorgde de noordw aartse drift 
van Afrika voor het sluiten van de oceanische bekkens van de westelijke en centrale Tethys 
Oceaan en het Alpijns deformatie front bereikte de regio van de huidige Golf van Cadiz. Rond 
het Eoceen-Oligoceen w erden dan ook de interne zones van de Betische - Rif gordel gevormd. 
Verdere compressie zorgde voor een verkorting van 200 km. In het Pleistoceen gebeurde een 
belangrijke opheffing in het gebied van de Straat van Gibraltar, terwijl subsidentie voorkwam 
ter hoogte van het Rharb bekken. H uidige spanningspatronen tonen een N-Z tot NW-ZO 
gerichte compressie aan, w at correspondeert m et een verdergaande convergentie van Afrika 
en EuraziÄn.

In de laatste decennia zijn twee benaderingswijzen gevolgd om de structuur en geschiede
nis van de Golf van Cadiz te verklaren; een stratigrafisch-structurele benadering (op land) 
een een geofische benadering (op zee). Dit heeft geleid tot verschillende, zelfs tegengestelde
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inzichten van het gebied.
De structuur van de Betische-Rif gebergteketen en de bijhorende voorlandbekkens (Guadalquivir 

en Rharb bekkens) w orden door verscheidene modellen verklaard, gaande van botsings- 
gebergten, over subductieprocessen tot de aanwezigheid van microcontinenten. Michard 
et al. (2002) stellen een geÄfntegreerd model voor waarbij het gebogen gebergte bestaat uit 
een exotisch blok (het Alboran blok, voordien deel van het Alkapeca microcontinent) dat 
op de Iberische en Afrikaanse plaat werd geduw d en nu de meest interne zones van de 
gebergteketen vormen. Hierbij traden subductieprocessen op van zowel de Iberische ais 
Afrikaanse plaat, w at ook in tomografische studies w ordt aangetoond. Aan de externe zi
jde van de gebergteketen werd hierbij een accretiewig gevormd en op het flexurale voorland 
geschoven. Finaal w ordt gesteld (Chalouan and Michard, 2004) dat de Golf van Cadiz een 
triple junction vormt van het type subductie-subductie-transformbreuk door de twee subduc- 
tiezones ten westen van het Alboran blok te verenigen in de Azoren-Gibraltar transform- 
breuk. De accretiewig (de externe zone van de Betische - Rif gordel) werd gevorm d tot het 
Laat Tortoniaan, waarna zowel gravitationele instorting van het accretielichaam voorkwam 
(met vorming van de olistostroom van de Golf van Cadiz ais subsidentie en milde extensie door 
flexurale buiging.

Seismische studies tonen ook aan dat het offshore gedeelte van de Golf van Cadiz het resul
taat is van drie belangrijke processen: extensie vanaf het Trias tot Laat Krijt; de westwaartse 
beweging van het Alboran Blok (zie hierboven) en tenslotte de vorming van de chaotische 
nappe tijdens het Tortoniaan. Latere studies hebben meer details over deze chaotische nappe 
naar voor gebracht. Het noordelijk en centraal deel van de Golf van Cadiz kan in drie stukken 
opgedeeld worden: a) in het oosten komen zout en klei lagen waarop extensionele inzakking 
is gebeurd. Dit komt overeen met de zeewaartse verderzetting van de externe delen van de 
Betische-Rif gordel, b) Het centrale gebied bestaat uit allochtone eenheden (massabewegin
gen) die tijdens het Tortoniaan gevormd werden, e) In het westen komen overschuivingen 
voor, die met het front van de accretiewig overeenstemmen. Aan de Marokkaanse kant van 
de Golf van Cadiz zijn m inder gegevens gekend. Echter, Flinch et al. (1996) interpreteren de 
algemene structuur van de Marokkaanse continentale rand als die van een accretiewig ais 
gevolg van een westwaartse beweging van het Alboran domein.

H oofd stu k  3: M eth od olog ie

3.1 Geofysische gegevens

De ondergrond w ordt met seismiek in beeld op een wijze die relevant is voor de herken
ning van hoge-resolutie stratigrafie en structuren. De m ethode steunt op het uitsturen van 
een akoestische impuls en de opname van de echo hiervan. De puls w ordt gereflecteerd op 
verscheidene geologische oppervlakken, bijvoorbeeld lithologische grenzen. De voornaam 
ste akoestische bron die in dit werk werd toegepast is een multi-electrode sparker, waarbij de
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akoestische puls w ordt opgewekt door een sterke elektrische ontlading. Na opnam e van 
de ruwe gegevens, dienen een reeks filters toegepast te w orden om de de gegevens klaar te 
maken voor interpretatie: compensatie voor de golfbeweging van het zee-oppervlak, bandpass 
filtering om laag- en hoogfrequente ruis te verwijderen, deconvolutie en versterking.

Andere geofysische gegevens omvatten zgn. multibeam dieptebepalingen voor het maken 
van 3-dimensionele dieptekaarten; side scan sonar m etingen waarbij een akoestisch beeld van 
de zeebodem zelf w ordt gemaakt.

3.2 Mineralogische en geochemische gegevens

De carbonaatgesteenten w erden op verscheidene wijzen geanalyseerd. X-straal diffraetome- 
trie w erd gebruikt voor de identificatie van de meest aanwezige mineralen in de stalen. Bulk 
analyse van verpulverde stalen w erden geochemisch geanalyseerd met behulp van Atom
air Absorptie Spectrometrie (AAS). De elementen die bepaald w erden waren Ca, Mg, Fe, 
Al, Mn, Sr, Na, K, Zn en Pb. Stabiele isotopen van koolstof en zuurstof w erden bepaald 
op kleine stalen die uit de stalen genom en werden met een tandartsboor. Deze metingen 
laten toe de herkom st van de vloeistoffen die betrokken zijn bij de vorming van de carbon
aten, te bepalen. Tenslotte w erden slijpplaatjes gemaakt om de stalen ook microscopisch 
te analyseren. Dit gebeurde zowel met gewoon doorvallen en opvallend licht, met koude- 
cathodeluminescentie. De stalen w erden ingebed in epoxyhars en de slijpplaatjes deels gek
leurd met een Alizarin Red S - K-ferricyanide mengsel.

3.3 Numerieke methodes

De meeste, zoniet alle fysische processen kunnen uitgedrukt worden als (partiÄnle) differen
tiaalvergelijkingen. Dit soort vergelijking drukken de wijziging van grootheden uit in de tijd 
en ruimte. De oplossing van deze vergelijkingen vormen een tak van de w iskunde op zich; 
ondanks dit kunnen de meeste vergelijkingen niet exact opgelost worden. Daarom worden 
numerieke benaderingsm ethodes toegepast. In dit w erk w ordt hiertoe de Eindige-Elementen 
M ethode (Finite Element Method) toegepast. In deze methode w ordt het gebied waarover 
de oplossing dient berekend te worden, opgedeeld in een eindig aantal elementen. Op de 
knooppunten (nodes) van die elementen w orden door een zgn. Galerkin discretizatie, func
ties bekomen voor het berekenen van de oplossing van de vergelijking op dat ene punt. Door 
alle functies te koppelen aan een groep van randvoorw aarden w ordt het mogelijk om een 
precies resultaat te berekenen in alle knooppunten van de elementen, en bij benadering dus 
voor het hele continue gebied w aarop de (partiÄnle) differentiaalvergelijking van toepassing 
is. Er werd gebruik gemaakt van de Comsol M ultiphysics software voor het uitvoeren van 
num erieke simulaties.

De num erieke simulaties w erden in verschillende onderw erpen toegepast: de modelering 
van ondergrondse vloeistofstroming (wet van Darcy), turbulente stromingen van vloeistof-
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fen over een obstakel (K-Epsilon turbulentiemodel), een transportvergelijkingen. De trans- 
portvergelijkingen hadden betrekking op het transport (en reactie) van chemische stoffen in 
grondw ater en op het transport van warmte.

D eel 2: B ew ijzen voor vloeistofstrom ingen in verleden en heden

H oofd stu k  4: G eofysisch e b ew ijzen  voor vloeistofstrom ing: het El Arraiche 
m oddervulkaan veld

4.1 Structuur van het oppervlak en de ondiepe ondergrond.

De oppervlaktemorfologie en -structuur van het El Arraiche m oddervulkaan veld w ordt 
best beschreven aan de hand van multibeam bathymetrische gegevens en side scan sonar 
gegevens. De meest prominente zeevloerstructuren zijn de grote cirkelvormige heuvels die 
25 tot 250 meter uitsteken boven de zeebodem. Op basis van sedimentologische gegevens, 
w erden deze structuren geÄrdentificeerd ais moddervulkanen.

De grootste m oddervulkaan is de Al Idrisi moddervulkaan; deze beslaat met een diam 
eter van 4.5 tot 6 kilometer een gebied van meer dan 20 vierkante kilometer en is ongeveer 
250 meter hoog. Bovenaan bevindt zich een krater met een diam ter van 1.35 kilometer. De 
flanken zijn 4 tot 10 graden steil. Aan het oppervlak kunnen verscheidene m odderstrom en 
geÄrdentificeerd worden; deze lopen radiaal van de krater weg eindigen aan of tegen de voet 
van de flank ais een lobvormig lichaam.

De Mercator m oddervulkaan bevindt zich op de zuidelijke flank van een NW-ZO gerichte 
rugstructuur (de Vernadsky Rug). De Mercator m oddervulkaan is 140 meter hoog en bedekt 
een gebied van 5 vierkante kilometer. Er is aan de top geen krater aanwezig, maar wel een 
koepelvormige structuur. De flanken van de m oddervulkaan hebben een terras-morfologie, 
quasi concentrisch rond het centrum van de m oddervulkaan. Aan de w estkant is ook een 
m odderstroom  zichtbaar. Ten noordwesten van de Mercator m oddervulkaan bevindt zich de 
Kidd m oddervulkaan. De Kidd m oddervulkaan ligt op de noordelijke flank van de Vernad
sky Rug. De hoogste flank van de Kidd m oddervulkaan is meer dan 180 meter hoog. De 
bathymetrische gegevens onthullen verder niet veel meer over de morfologie.

Ten zuiden van de Kidd m oddervulkaan ligt de Adam astor m oddervulkaan met een typ
ische kegelstructuur. De m oddervulkaan heeft een oppervlakte van ongeveer 5 vierkante 
kilometer en een hoogte van 160 meter. Er zijn ook m odderstrom en aanwezig op de flanken. 
Een krater lijkt afwezig te zijn.

Verder zuidwaarts bevindt zich de Renard Rug: een NW-ZO gerichte rugstructuur op de 
zeebodem. Met deze rug zijn verscheidene m oddervulkanen geassocieerd: de Fiuza m od
dervulkaan (140 meter hoog), Gemini m oddervulkaan (een tweeledige m oddervulkaan met 
twee kegelvormige culminaties met een totale oppervlakte van 11 vierkante kilometer en een
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hoogte tot 250 meter). Verder komen ook nog kleinere structuurtjes voor: de Lazarillo de 
Tormes m oddervulkaan en de Don Quichote moddervulkaan.

De reeds vermelde rugstructuren (Vernadsky Rug, Renard Rug) zijn structuren die over 
een afstand van 30 km tot 150 meter boven de zeebodem uisteken; de breedte ervan is 5 
tot 10 kilometer. De toppen van de ruggen duiken naar het noordwesten. De noordelijke 
rug is de Vernadsky Rug. In het westen zijn kleine heuvelachtige structuurtjes (100-400 m 
diameter, 10 meter hoog) aanwezig bovenop de rug. Op basis van videogegevens is geweten 
dat dit culminaties zijn die bestaan uit dode diepwaterkoralen. De zuidelijke rug is de Renard 
Rug. Halfweg de rug komt een 7 kilometer lange klif voor waarop kleine heuvelstructuurtjes 
staan. De klif w ordt de Pen Duick Escarpment genoemd. De heuvelstructuurtjes bestaan 
uit voornamelijk dode diepwaterkoralen. In een aantal van deze heuvels is ondiep metaan 
waargenomen.

Ook ten oosten van de Al Idrisi m oddervulkaan, in het meest ondiepe deel van het studiege
bied, komt een rugstructuur aan het oppervlak. De topografie is er onregelmatig en ook hier 
w erden diepwaterkoralen bem onsterd van w at kleine culminaties lijken te zijn.

Verspreid in het gebied komen depressies voor: rond m oddervulkanen en langsheen de 
ruggen. De meeste van deze depressies zijn W-O tot NW-ZO gericht. Deze dom inante richt
ing van de depressies kan erop wijzen dat deze depressies erosiegeulen zijn gevorm d door 
een sterke W-O tot NW-ZO gerichte stromingscomponent.

De gegevens van oppervlaktew aarnem ingen zijn gecompileerd in figuur 4.8.
De seismische gegevens laten toe ondiepe breuken, scheuren, plooi- en andere structuren 

te herkenen. Verder brengen deze gegevens de ondiepe stratigrafie in beeld.
Vooreerst is een regionale onconformiteit gekozen ais basisreflector ais referentieniveau in 

het gebied. Op veel plaatsen w ordt deze reflectie gekenm erkt door een matig tot hoge ampli
tude met een lokaal erosief karakter. Onlap structuren w orden er soms bovenop waargenomen. 
Om deze redenen lijkt de reflectie een grens met enige geologische betekenis te vormen, ver
moedelijk in term en van relatieve zeespiegelveranderingen. De dieptekaart van deze basis
reflector laat toe de grootschalige structurele kenm erken te onderscheiden: de rugstructuren 
worden gescheiden door diepe bekkens (figuur 4.10).

Op basis van de assocatiatie van de meeste m oddervulkanen met de rugstructuren lijkt er 
een genetische relatie te bestaan tussen de structuur van de ruggen en het voorkomen van de 
m oddervulkanen: de uiteindes van de kleine boogvormige rug- of klifstructuurtjes die bin
nen de grote Renard Rug w orden waargenom en kunnen zones van verhoogde permeabiliteit 
vormen e n /o f  structureel zwakke zones waar fluÄrda preferentieel opw aarts migreren: de 
Gemini m oddervulkaan komt voor op het uiteinde van een dergelijke boogvormige klif (Pen 
Duick Escarpment), en ten zuiden van een tweede boogvormige klif. Op het oostelijk einde 
van deze tweede klif komt Don Quichote m oddervulkaan voor. Ook Al Idrisi m oddervulkaan 
komt voor op het westelijk uiteinde van een begraven rug. Op het einde van de Pen Duick 
Escarpment w erden ook ondiepe m ethaanfronten w aargenom en onder de koraalheuvels, ter-
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wijl centraal langsheen deze structuur het methaanfront beduidend dieper voorkwam.

Op de kruin van de ruggen vertonen zeer veel normale breuken met kleine tot zeer grote 
verplaatsingen (meer dan 300 ter hoogte van de Kidd moddervulkaan). Het lijkt er op dat de 
centrale delen van de ruggen zijn ingestort, wat een compensatie kan zijn voor het sedim ent 
dat werd verwijderd door moddervulkaanactiviteit, of ais gevolg van buiging van de ruggen 
(flexurale extensie).

Op welke manier de rugstructuren in verbinding staan met dieper gelegen structuren, kan 
niet achterhaald worden op basis van de in dit werk beschikbare gegevens. Echter, in het werk 
van Flinch (1993) w orden onder het studiegebied de aanwezigheid van begraven geroteerde 
blokken aangetoond, in een kader van lokale extensionele tektoniek. Deze blokken w orden 
begrensd door diepe lystrische breuken. De posities van de kruinen van deze blokken li
jken overeen te komen met de posities ruggen aan de zeebodem. De aanvoer van fluÄrda 
langs de lystrische breuken kan het voorkomen van de m oddervulkanen verklaren. Dit hy
pothetisch verband beantwoordt echter niet alle vragen: het model van Flinch verklaart de 
kleine boogvorme kliffen niet en het voorkomen van quasi-cirkelvormige structuren aan de 
westelijke uiteinden van de Renard en Vernadsky Ruggen w ordt niet verklaard. Deze laat
ste structuren zouden echter diapirische structuren kunnen zijn. Niet enkel klei- maar ook 
zoutdiapirsm e zou in aanmerkingen kunnen komen. Immers, grote gipskristallen en pekels 
zijn teruggevonden in de krater van de Mercator moddervulkaan, w at er op wijst dat zout 
in de ondergrond aanwezig is. Kleine boogvormige ruggen en kliffen w orden ook typisch 
gevormd in een setting w aar diapirisme optreedt, maar dan niet in circulaire lichamen, maar 
onder de vorm van bladstructuren. Ook de profielen in het werk van Flinch (1993) lijken 
sterk op profielen van gebieden waar extensionele tektoniek samen m et halokinese en mod- 
dermobilisatie voorkomt. Een dergelijk tektonisch scenario voor het studiegebied zou verder 
onderzocht dienen te worden.

Ondiepe seismo- en chronostratigrafie Op basis van de seismische gegevens w erden 3 
grote sedimentaire eenheden herkend, telkens opgedeeld in sub-eenheden. In andere strati- 
grafische interpretaties in de Golf van Cadiz Cadiz (hoofdzakelijk op de Spaanse shelf) wer
den dergelijke eenheden gerelateerd aan 3e en 4e orde zeespiegelschommelingen. Het is 
echter niet mogelijk gebleken om de enige bron van chronostratigrafische informatie (LAR-1 
boring, een tiental kilometer landwaarts) te verbinden met de dataset.

Echter, de kleine onconformiteiten in de seismische data zouden kunnen de grenzen van 
verschillende prograderende clinoformen voorstellen en aggraderende lagen van een of meer 
stratigrafische sequenties gerelateerd aan de 3e en 4e orde zeespiegelschommelingen. Van 
de in totaal tien sub-eenheden zouden er negen passen in een model met de 100000-jarige 
cyclus van na de Mid-Pleistocene Revolutie. In dit geval zou een sedim entatiesnelheid nodig 
geweest zijn tot 25 cm per 1000 jaar, wat onrealistisch hoog is.
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Om sluitende informatie hierom trent te bekom en, is een chronostratigrafische studie voorgesteld 
in het IODP boorproject IODP Pre-692 "M ud volcanoes as a w indow  into the deep biosphere" 
(Depreiter et al., 2006) waarbij geboord zal w orden in en om de Mercator moddervulkaan.

4.2 Ondiepe stratigrafie.

Op seismische profielen zijn m odderstrom en zichtbaar die doorheen de geschienis w erden 
afgezet en vervolgens bedekt door jongere sedimenten. De positie van deze modderstrom en 
in de stratigrafische sequentie liet toe te bepalen wanneer (in relatieve termen) elke m od
dervulkaan actief was geweest. Door correlatie van de m odderstrom en tussen de verschil
lende m oddervulkanen bleek dat de extrusie-gebeurtenissen niet precies gelijktijdig liepen; 
maar, op een grotere tijdsschaal (op het niveau van de sub-eenheden) bleek de activiteit van 
de verschillende m oddervulkanen opvallend overeen te komen. Verder in dit werk worden 
hypotheses opgesteld over processen die m oddervulkaan activiteit kunnen aansturen.

Vanuit de seismische gegevens blijken erosiegeulen steeds diepst te zijn wanneer m odder
stromen voorkomen en dat ze veel ondieper zijn in tijden van gewone sedimentatie. Verder 
werd ook de evolutie van de erosiegeulen rond de m oddervulkanen bekeken. Het blijkt dat 
de meeste erosiegeulen oost-west gericht zijn wat kan wijzen op een sterke oost-west gerichte 
stromingen. Ook nu zijn sterke oost-west gerichte getijdenstromingen verantwoordelijk voor 
de vorming van erosiegeulen.

H oofdstuk  5: G eochem ische en petrologische b ew ijzen  van v loeistofstrom ing: 
carbonaatkorsten en -schouw en

5.1 Inleiding: authigene carbonaten

Authigene carbonaten w orden gevorm d in sedim enten w aar opgelost carbonaat oververzadigd 
is, en de alkaliniteit voldoende hoog. Dit kan veroorzaakt w orden door de anaerobe oxidatie 
van methaan; een microbieel proces dat gekoppeld is aan sulfaatreductie. De producten van 
dit proces zijn meestal korstvormige stukken geconsolideerd gastgesteente.

In dit werk w orden de stabiele isotopensamenstelling van koolstof en zuurstof gebruikt 
om de bron van de koolstof en zuurstof aanwezig in de carbonaatmineralen, te achterhalen.
Verder w orden petrografische en mineralogishe technieken gebruikt om het type carbonaten 
te identificeren.

5.2 Bemonsteringsplaatsen

Carbonaatkorsten en -schouwen (verwijzend naar de vorm) w erden op vier plaatsen bem on
sterd. Deze plaatsen zijn 1) m oddervulkanen op de M arokkaanse continentale rand (Kidd 
MV en Meknes MV), 2) een steile helling (Pen Duick Escarpment) die gerelateerd is aan de 
rugstructuren, aanwezig aan de zeebodem in het studiegebied, 3) een erosief sedimentaire
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omgeving ten westen van Tanger en 4) een m oddervulkaan op de Spaanse continentale rand 
(Hesperides MV).

5.3 Resultaten

Petrografie en XRD De korsten die bem onsterd werden op Kidd m oddervulkaan hebben 
variabele afmetingen en onregelmatige vormen. De korsten bestaan uit versteende modder- 
breccie (een mengsel van m odder en stukken gesteente uitgestoten door de m oddervulkaan) 
met een lichtbruine tot grijze kleur. De korsten worden gekenm erkt door vele openingen, 
scheuren en barsten die gevuld zijn met sedim enten en cementen. De korsten die bem ons
terd werden op Meknes moddervulkaan zijn broze grijze nodulaire korstjes tot 10 cm groot. 
In doorschijnend licht bestaan de korsten van Kidd m oddervulkaan uit een chaotische tex
tuur van m odderige aragoniet micriet met daarin drijvend een kleine hoeveelheid micritische 
peloiden en bioclasten. Van belang is ook de waarnem ing van pyriet en wolken van ijzer oxi- 
hydroxiden die het gesteente roestbruin kleuren. In breuken komen o.a. naaldvorm ige arag- 
onietwaaiers voor. Onder cathodeluminescentie vallen een aantal kleine rode kristallen op 
(microdolomiet). De algemene aragonietmineralogie w ordt bevestigd door XRD metingen. 
De gesteenten kunnen algemeen geclassificeerd w orden ais fossielhoudende intrapelmicri- 
eten. De korsten vanop Meknes m oddervulkaan bestaan uit een fijne grijze microsparitische 
matrix met weinig micritische peloiden, bioclasten en ges teen tefragmenten). De porositeit 
van de korsten is zeer hoog. Kleine hoeveelheden microdolomiet komen ook hier voor.

De korsten vanop 'Pen Duick Escarpment' bestaan uit grijze tot bruine versteende siltige 
m odder met een variërende hoeveelheid bioclasten. De korsten zijn m atrixgedragen, fossiel
houdende micritische kalkstenen. Ijzer oxihydroxiden kleuren het gesteente bruin; deze zijn 
een resultaat van pyrietoxidatie. De algemene mineralogie betreft laag- en hoog-Mg calciet 
en dolomiet.

De korsten en schouwen van ten westen van Tanger ('M editerranean Outflow Area') zijn 
gevormd door cementatie van zanden. De gesteenten zijn zeer hard en kleuren geel-bruin. 
De textuur betreft micritische matrix-gedragen fossielhoudende gecementeerde zand en silt- 
stenen met een aantal accessorische mineralen. De carbonaatmineralen bestaan uit dolomiet- 
ankeriet micriet die zwak oranje-bruine luminescentie vertoont. In fossielen zijn verschillende 
fasen van carbonaatcementen waargenomen.

De carbonaatkorsten en -schouwen vanop H esperides m oddervulkaan zijn zeer divers in 
vorm en grootte. De meeste stalen hebben een 1 mm dikke buitsenste donkerbruine rand, 
bestaande uit ijzer oxihydroxiden. De stalen bestaan uit oranje-bruine micritische tot mi- 
crosparitisch carbonaat matrix met drijvende sedimentkorrels en bioclasten. De luminescen
tie van de matrix is zwak oranje. Vele breuken doorsnijden de stalen; deze zijn vaak gevuld 
met gelijkaardig materiaal ais de gesteenten zelf. Fijnkorrelig pyriet komt frequent voor, soms 
deels geoxideerd. Microdolomiet is eveneens waargenomen. Over het algemeen bestaat de
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carbonaatfase in deze stalen uit dolomiet-ankeriet.

Geochemie (AAS) De resultaten van de geochemische bulk-analyse staan vermeld in tabel 
5.1.

De stalen van op de Marokaanse m oddervulkanen hebben de hoogste Ca en Sr gehaltes 
en laagste Mg en Fe gehaltes. De M g/C a verhouding is laag, terwijl de S r/C a hoog is; dit is 
in overeenstemming met de aragonietmineralogie.

De stalen van 'Pen Duick Escarpment' hebben hoge Ca en lage tot matig hoge Mg gehaltes 
en weinig Fe. De S r/C a verhoudingen zijn laag, en de M g/C a interm ediair tot hoog.

De stalen van de 'M editerranean Outflow Area' hebben lage Ca en Sr gehaltes en eerder 
hoge Mg en Fe gehaltes. De M g/C a zijn interm ediair tot hoog, de S r/C a verhoudingen laag.

De stalen van de H esperides m oddervulkaan hebben eveneens lage Ca en Sr gehaltes 
maar hoge Mg en Fe gehaltes. Net ais de hoge M g/C a en lage S r/C a verhouding, is dit in 
overeenstemming met de mineralogische verschillen tussen de stalen van de verschillende 
gebieden.

Stabiele isotopen (koolstof, zuurstof) De <513C van de korsten van de Marokkaanse m od
dervulkanen liggen tussen -30 en -19 %o. De <5lsO w aarden liggen tussen +2 en +5 %o. De stalen 
van 'Pen Duick Escarpment' vallen ook binnen deze waarden. De stalen van de 'M editer
ranean Outflow Area' hebben een gelijkaardige <S180  signatuur, maar de <513C is iets minder 
laag: -5 tot -25 %o.

De stalen van Hesperides m oddervulkaan hebben een <5180  signatuur tussen +4.3 en +7 
%oeen een zeer brede waaier aan 513C w aarden : tussen -15 en -50 %o.

5.4 Interpretatie en bespreking

De versteende modderbreccie korsten van Kidd m oddervulkaan werden gevormd in twee 
modi: een aerobe m odus waarbij aragoniet neersloeg in poriën, holtes en scheuren, en een 
anaerobe m odus gekoppeld aan sulfaatreductie waarbij pyriet en microdolomiet werd gevormd. 
De bron van koolstof is te vinden in methaan, meest waarschijnlijk therm ogeen van oorsprong 
alhoewel een biogene component niet kan uitgesloten worden. De zuurstof aanwezig in de 
carbonaten wijst op destabilisatie van gashydraten of dehydratatie van diep begraven kleien.

De nodulaire korsten van de Meknes m oddervulkaan suggereren eerder een vorming on
der gereduceerde om standigheden binnen de sulfaatreductiezone. De vloeistofbronnen zijn 
gelijkaardig aan deze in de Kidd m oddervulkaan.

De dolomitische korsten van 'Pen Duick Escarpm ent' zijn gevorm d onder invloed van 
oxidatie van vermoedelijk therm ogeen m ethaan, gekoppeld aan sulfaatreductie.

De carbonaatkorsten en schouwen uit de 'M editerranean Outflow Area' zijn ijzerdolomiet 
of ankeriet micriet gecementeerde zandstenen die verschillende fasen van precipitatie aan-
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tonen. De vorming moet onder licht verhoogde tem peratuur plaatsgevonden, of onder de 
invloed van de destabilizatie van gashydraten.

De korsten en schouwen van op H esperides m oddervulkaan zijn de enige stalen waar 
een invloed van microbieel methaan m et zekerheid kan aangetoond worden. De zware zu- 
urstofisotopische samenstelling kan enkel verklaard w orden door gashydraatdestabilisatie of 
klei dehydratatie.

Deze resulaten tonen aan dat in de Golf van Cadiz een hoge variabilitiet in omgevingen 
bestaat w aar carbonaten neerslaan. Carbonaatschouwen geven een blijken van een eerder 
gefocuste vloeistofstroming, terwijl de korsten eerder lijken gevorm d uit diffuus methaan. De 
isotopische gegevens hebben verschillende vloeistoftypes aangeduid die betrokken zijn in de 
vorming van deze gesteenten: zeewater tegenover w ater afkomstig uit gashydraatdestabil
isatie of kleidehydratatie; thermogeen tegenover biogeen methaan, maar eveneens organisch 
materiaal en marien opgelost anorganisch koolstof.

D eel III: G evolgen van vloeistofstrom ingen

H oofd stu k  6: Interne bronnen  van v loe isto fstrom ingen

6.1 Inleiding

Een vloeistof stroomt ais gevolg van een drukverschil in de vloeistof zelf. De vloeistof stroomt 
van gebieden van hoge druk naar gebieden van lage druk.

De oorzaken van deze drukverschillen kunnen opgesplitst w orden in twee types: 1) in
terne oorzaken, en 2) externe oorzaken. Interne bronnen van drukverschillen w orden hier 
gedefinieerd ais bronnen die zich in de sedimentaire omgeving zelf bevinden, zoals gasvorm
ing, dehydratatie van kleien of andere mineralen,... Externe bronnen van drukverschillen zijn 
dan die bronnen die buiten de sedimentaire omgeving liggen: zeespiegelbewegingen, stro
mingen over de zeebodem, ... De gevolgen van deze verschillende oorzaken van vloeistof
stromingen zullen in dit en volgend hoofdstuk gem odeleerd worden.

6.2 Interne bronnen van vloeistofstromingen: een overzicht

Er zijn twee belangrijke interne bronnen van vloeistofstromingen: dichtheidsverschillen en 
overdruk. Dichtheidsverschillen in een vloeistof kunnen veroorzaakt w orden door veran
dering in volume of een verandering in massa van een hoeveelheid vloeistof. Ais voorbeeld 
van een m assaverandering kan het oplossen van zout in w ater gegeven worden; het volume 
verandert niet of weinig terwijl de massa van het volume w ater duidelijk toeneemt. Een vol- 
um everandering kan bijvoorbeeld veroorzaakt w orden door thermische expansie.
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Overdruk ontstaat bij begraving van sedim enten waarbij de poriënvloeistoffen niet vol
doende snel kunnen ontsnappen terwijl het sedim ent compacteert. Hierbij kan een situatie 
ontstaan waarbij een vloeistof opgesloten w ordt in het sedim ent en het gewicht van boven
liggende lagen moet dragen. Dit proces w ordt ondercompactie genoemd.

6.3 Overdruk op de NW Marokkaanse continentale rand

Het voorkomen van m oddervulkanen op de NW M arokkaanse rand toont aan dat er over
druk bestaat in de diepe ondergrond. Er kunnen in d it gebied twee belangrijke factoren 
aangeduid w orden die leiden tot overdruk vorming.

Het thermisch kraken van koolwaterstoffen waarbij gas en olie gevormd worden, leiden 
tot overdruk. Uit seismische data weten we dat gas aanwezig is in de sedim enten in de buurt 
van de m oddervulkanen, en uit de analyse van de carbonaatkorsten blijkt dat methaan aan 
de basis ligt van de vorming van deze gesteenten. Verder w ordt in de literatuur ook bewijs 
gevoerd voor de vorming van olie en gas.

Een tweede factor is de dehydratatie van kleien. Literatuurstudie toont aan dat in m od
dervulkanen in de buurt, dehydratatie de voornaam ste bron van vloeistofproductie is. Dit 
proces vindt plaats op een diepte van ongeveer 5 km.

Deze twee processen hebben samen een groot potentieel voor overdrukvorming. De pre
cieze bronlaag kan echter door de structuur van de accretiewig niet vastgelegd worden.

6.4 Modeleren van de gevolgen van interne bronnen van vloeistofstromingen

Geothermische gevolgen Er w erd nagegaan op welke wijze opw aartse vloeistofstromingen 
het thermisch veld in een m oddervulkaan zullen beÄfnvloeden. Verschillende param eters 
w erden aan modelering onderw orpen en leidt tot verscheidene conclusies:

De resultaten tonen aan dat bij vloeistofstromingen sneller dan 1 mm per jaar, advectief 
w arm tetransport belangrijker w ordt dan conductief transport en dat hierdoor het geother
misch profiel vervorm d wordt. De opw aartse fluïdamigratie in sedim enten heeft een grote 
impact op het thermisch profiel nabij de zeebodem. Geothermische metingen over een ondiep 
profiel zullen niet representatief zijn voor de situatie dieper in de sedimenten. Dergelijke 
metingen zullen dus de geothermische gradient overschatten indien geen rekening w ordt 
gehouden met vloeistofstromingen w anneer dergelijke data geïnterpreteerd worden.

De invloed van een gedetailleerd porositeitsmodel is m inder belangrijk voor e berekening 
en interpretatie van een tem peratuursm odel. Echter, voor berekeningen met de warmteflux, 
dient er toch aandacht aan geschonken te worden.

Er w erd ook nagegaan wat het effect van een residuele vloeistofstroming is na een sterke 
uitstoot van vloeistoffen op het opnieuw  in tem peratuursevenwicht komen van de sedimenten 
Ais vergelijkingspunt werd die situatie genom en waarbij geen residuele vloeistofstroming is: 
het blijkt dat er tussen 1000 en 10000 jaar nodig zijn om een nieuw thermisch evenwicht te
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bereiken. Bij kleine vloeistofstromingen is er geen groot verschil met deze situatie. Bij sterke 
stroming zal het stabiele tem peratuursprofiel op zich al vervorm d zijn, en dus w ordt deze 
evenwichtssituatie sneller bereikt (in m inder dan 1000 jaar ais er nog een stroming aanwezig 
is van 1 m per jaar.

Tenslotte werd ook aangetoond dat de brondiepte van de vloeistofmigratie zelf ook van 
groot belang is, aangezien met toenemende diepte de tem peratuur stijgt.

Geochemische gevolgen De invloed van opwaartse vloeistofstromingen op de diepte van 
de sulfaat-methaan transitie zone (SMTZ) werd nagegaan. In het kader van dit werk is dit 
belangrijk aangezien anaerobe oxidatie van m ethaan plaats vindt in deze zone. Anaerobe 
oxidatie van m ethaan is een van de processen die leidt tot de vorming van carbonaatkorsten.

De modeloefeningen tonen aan dat ais gevolg van opw aartse vloeistofstromingen de SMTZ 
mee naar boven beweegt. Een zwakke vloeistofstroming van 1 mm  per jaar is al in staat om 
een SMTZ die zich aanvankelijk op 50 m diep bevond, te verplaatsen naar een diepte van 30 
m. Bij stroomsnelheden van 10 cm per jaar of hoger komt deze zone vlakbij de zeebodem zelf 
te liggen, w at betekent dat het methaan niet geconsumeerd w ordt voor het aan de zeebodem 
ontsnapt.

De vorming van carbonaatkorsten nabij de zeebodem, zoals eerder aangehaald, is dus 
inderdaad mogelijk onder invloed van een opwaarste vloeistofstroming.

6.5 Gevalstudie: gashydraatstabilitiet in Mercator moddervulkaan

Gashydraten in m oddervulkanen w orden klassiek waargenom en in sedim enten op w ater
dieptes van 1000 m en dieper. In deze gevalstudie w erd de observatie van een seismische 
anomalie onder de flanken van de Mercator m oddervulkaan, belicht. De anomalie werd 
geïnterpreteerd ais de basis van een gashydraat stabiliteitszone om wille van de inverse po- 
lareit van het akoestisch signaal. Modelering van de druk-tem peratuur omstandigheden, 
m et specifieke gassamenstellingen, toonde aan dat gashydraten de diepte van m inder dan 
500 m eveneens stabiel kunnen zijn. Het model levert een beeld van het thermisch veld in en 
om de krater van de m oddervulkaan en suggereert door diens hoge w aarden een effectieve 
vloeistofmigratie doorheen de krater van de moddervulkaan.

6.4 Gevolgen van interne bronnen van vloeistofstromingen

In dit hoofdstuk w erden de geothermische en geochemische effecten van interne vloeistof- 
stromingsbronnen gemodeleerd. Alle vloeistofmigratie werd gem odeleerd ais ware het ges
tuw d door diepe overdruk.

Om de geothermische effecten in kaart te brengen, w erden een aantal param eters gevarieerd. 
De belangrijkste impact bleek veroorzaakt te zijn door de snelheid van de vloeistofstroming 
zelf.
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Er werd ook aangetoond dat opw aartse vloeistofstroming geladen met m ethaan inder
daad in staat is om de SMTZ naar de zeebodem te duw en. Carbonaatkorsten, ais gevolg 
van anaerobe oxidatie van methaan, kunnen dus inderdaad aan de zeebodem zelf gevormd 
w orden onder invloed van een dergelijke opw aartse stroming.

H o o fd s tu k  7:

7.1 In le id in g

Externe vloeistofmigratiebronnen w orden gedefinieerd ais processen die actief zijn in de wa
terkolom, maar leiden tot drukverschillen in de sedimenten. De gevolgen van drie verschil
lende processes zullen gemodeleerd worden: getijden, eustatische zeespiegelbewegingen en 
zeebodemstromingen.

7.2 G e tijd e n

Getijden zijn zeespiegelbewegingen met een kleine am plitude en korte periode (ongeveer 12 
uur). Het op en neer bewegen van de waterkolom zorgt voor kleine drukvariaties aan de 
zeebodem. Indien w ater en sedim enten niet sam endrukbaar zouden zijn, zouden deze kleine 
drukvariaties onmiddellijk in de sedim enten doorgegeven w orden en zou er nergens druk- 
onevenwicht ontstaan. Echter, sedim enten en w ater zijn effectief samendrukbaar. Het gevolg 
hiervan is dat een drukverandering aan de zeebodem geleidelijk w ordt doorgegeven in de 
sedim enten -  er ontstaat ais het ware een drukgolf. Doorheen de tijd beweegt de zeespiegel 
op en neer, wat zal leiden tot het ontstaan van een reeks van drukgolven die neerwaarts, in de 
sedim enten voortbewegen. Het gevolg van de kleine drukvariaties op verschillende dieptes 
is dat er kleine vloeistofstromingen zullen ontstaan. Met de getijdenbewegingen zullen de 
vloeistoffen nu eens opwaarts, dan weer neerw aarts bewegen. Het netto resultaat van de 
vloeistofstroming is dan op zich wel nui, de beweging op zich kan wel van belang zijn voor 
chemische en microbiologische processen. Immers, de vloeistofbeweging advectief transport 
in gang zet en daarm ee processen die normaal afhangen van diffusie alleen, aanzienlijk kan 
versnellen.

7.3 Eustatische zeesp iege lbew eg ingen

Ais de zeespiegelbewegingen nu groter w orden gemaakt, en de periodes veel langer, dan 
komen we in het domein van de eustatische zeespiegelbewegingen terecht. Deze bewegingen 
kunnen hoogteverschillen meebrengen van 50 m eter in 10000 jaar. De beweging is dus veel 
trager, maar tevens veel groter dan die van getijden. De gevolgen zijn van een heel andere 
aard. Ten eerste speelt de samendrukbaarheid van w ater en sedim enten hier geen rol meer 
om dat het over een traag proces gaat. Echter, een significante zeespiegeldaling is wel in staat 
om (bijkomende) overdruk te creëren in afgesloten lagen. Een gevolg van deze overdruk is
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dat de effectieve spanning in het gesteente van die laag zal afnemen en daardoor kan leiden 
tot hydrofracturatie, het opbreken van de gesteenten. Er w ordt verder nagegaan of dit proces 
kan leiden tot het ontstaan of heractiveren van m oddervulkanen.

Een bijkomend effect van een sterke zeespiegeldaling is zogenaamde methaanexsolutie. 
Er kan verwacht w orden dat in een m oddervulkaanpijp veel opgelost m ethaan aanwezig is 
in de poriënwaters. Om dat de oplosbaarheid van gassen afhankelijk is van druk, kan een 
drukdaling ertoe leiden dat opgelost m ethaan w ordt omgezet in gasvormig, vrij methaan. 
Hiermee gaat een aanzienlijke volumetoename gepaard, w at gaat leiden tot het uitstuwen 
van gas, w ater en m odder uit de m oddervulkaan krater.

M od d e rs tro m e n  en m o d d e rvu lka a n  ac tive it: een eustatische oorzaak? De vraag of m od
dervulkanen actief kunnen worden ais gevolg van een significante zeespiegeldaling werd 
bestudeerd. Berekeningen tonen aan dat in het geval van het El Arraiche m oddervulkaan 
veld, enkel extensiebreuken zouden kunnen gegenereerd w orden in een ondiepe bronlaag. 
Dit resultaat is problematisch ten aanzien van verschillende waarnem ingen weergegeven in 
de literatuur, waardoor een dergelijke situatie ais onwaarschijnlijk kan bestem peld worden. 
Het ontstaan van m oddervulkanen kan niet alleen aan een zeespiegeldaling te wijten zijn. 
Ook heractivatie van m oddervulkanen kan in een dergelijk model niet verklaard worden. 
O verdruk ais gevolg van dehydratatie en thermische kraakprocessen blijft daarm ee de meest 
waarschijnlijke oorzaak van m oddervulkanism e in het studiegebied.

7.4 Z eebodem strom ingen

De stroming van een vloeistof langs een obstakel zal aanleiding geven tot het ontstaan van 
snelheids- en drukvariaties langsheen dat obstakel. De stroming van zeewater over een 
heuvel aan de zeebodem zal leiden tot een lagedrukgebied ter hoogte van de top van de 
heuvel en hogedrukgebieden ter hoogte van de basis van de heuvel. Deze drukvariaties 
zullen overgedragen w orden naar de sedimentaire omgeving. Ais gevolg hiervan, zal zeewa
ter in de voet van de heuvel gepom pt w orden en zal poriënw ater uit het sedim ent getrokken 
w orden aan de top de heuvel. Een dergelijk principe werd gemodeleerd en verder gekoppeld 
aan het voorkomen van de sulfaat-methaan transitie zone. De instroom van zeewater, met 
daarin opgelost sulfaat, aan de voet van een heuvel zal de SMTZ op die plaats neerwaarts 
duwen. Onder de top van de heuvel hangt het resultaat af van de sterke van de vloeistofstro- 
mingen: bij zwakke tot matige stroming zal de SMTZ lichtjes omhoog bewegen. Bij sterke 
stroming zal de SMTZ eveneens naar beneden geduw d w orden om dat de instroom van sul
faat aan de voet van de heuvel zo sterk is dat de hele heuvel doorspoeld w ordt met sulfaat. 
De grootte van deze effecten hangt ook af van de hydraulische param eters van de heuvel en 
de sedimenten.
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7.5 Gevalstudie: het geochemisch milieu in carbonaatheuvel omgevingen

Het principe uit sectie 7.4 werd toegepast op carbonaatheuvels, bouw w erken van koralen en 
sedim enten die veelvuldig voorkomen in de Atlantische Oceaan. O m dat er discussie bestaat 
over het ontstaan en de groei van een dergelijke structuur, werd het model toegepast op 
een carbonaatheuvel met uitgebreide gekende gegevens: Challenger M ound op de Ierse con- 
tinetale rand. De resultaten kunnen echter terug geprojecteerd w orden naar de heuvels die 
voorkomen boven op de Pen Duick Escarpment en andere plaasten in het studiegebied.

Een recente boring heeft aangetoond dat in die carbonaatheuvel geen methaan aanwezig 
is; een overwachte observatie. De toepassing van hoger vermeld model toont echter aan 
dat een eerder sterke zeebodemstrom ing (0.2 tot 0.5 m per seconde) in staat is om de car
bonaatheuvel te doorspoelen met sulfaat en het m ethaanfront tot een positie aan de basis van 
of onder de heuvel te brengen. Een kritische factor hierbij is dat de hydraulische conduc- 
tiviteit voldoende hoog is; deze zou dus in de toekomst zeker op schaal van de volledige 
heuvel bepaald moeten kunnen worden.

7.6 Gevolgen van externe bronnen van vloeistofstromingen

Drie types van externe vloeistofstromingsbronnen w erden in dit hoofdstuk belicht. Er werd 
aangetoond dat getijden in staat zijn om kleine vloeistofstromingen in de sedim enten te gener
eren die doorheen de tijd eens opwaarts, dan neerwaarts kunnen bewegen. Dit proces zou 
van belang kunnen zijn voor bepaalde chemische of microbiologische processen.

Een eustatische zeespiegeldaling is een trager en omvangrijker fenomeen. Methaanex- 
solutie in m oddervulkaanpijpen kan hierdoor optreden en leiden tot uitstoot van m odder
stromen. Echter, het (her)activeren van een m oddervulkaan kan door de zeespiegeldaling 
alleen niet verklaard worden.

Tenslotte werd het verband tussen zeebodem strom ingen en ondergrondse stromingen, 
en de mogelijke geochemische gevolgen hiervan in beeld gebracht. In een gevalstudie werd 
aangetoond dat een dergelijk model eerder onverwachte observaties kan verklaren.
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A .l SEG-Y data format and preprocessing

The seismic data is recorded in the ELICS format under Delph Seismic (v. 2.0.1). The ELICS 
formatted data is exported to 16-bit (2 byte integer) SEG-Y format. Navigation is exported 
seperately.

The SEG-Y data format is a standard published by the Society of Exploration Geophysi
cists (SEG). The SEG-Y data format contains 1) a 3200-byte file identification record with gen
eral information, encoded in EBCDIC; 2) a 400-byte binary record with acquisition and data 
information (record length, num ber of channels, sampling rate, ...); and 3) a 240 byte trace 
header preceding each trace containing information relevant to the trace (trace number, time, 
date, coordinates, channel number, ...). The subsequent trace data can be 16-bit integer or 
32-bit real formatted. The full datasheet can be dow nloaded from the SEG website1.

A.2 Sw ell filtering

Swell filtering is done using software developed in-house by P. Staelens and available through 
the swellfilter website2. The software reads SEG-Y files as input. As a first step, it performs an 
autom ated seafloor picking procedure which can be corrected manually. The selected seafloor 
horizon is then smoothed by use of a bandpass filter. The residual is then applied as static 
shift to the individual traces and the result is again exported as SEG-Y file.

’http://www.seg.org
2http://www.swellfilter.com

http://www.seg.org
http://www.swellfilter.com
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A.3 Signal processing procedure 

A.3.1 Data transfer and input in Promax

The swell filtered data is transferred to a Unix system for further processing in Promax 2D 
(latest version used was v. 2003.12.1) by Landm ark Graphics Corp. 

SEG-Y data files are read and transferred to the internal Promax format. Below, the set
tings of this processing flow are shown.

SEG-Y Input
Type ofSEG-Y Std. Fixed Length
Type of Storage Disk

Select... Disk Image
Path /path/swellfilt.sgy

Update LIN db Yes
Override interval No
Samples per trace 0 (= no override)
Store reel header Yes
Input AUX traces Yes
Get CHAN from header Yes
Input trace Format Get from header

or 2 byte integer
Apply trace weight Yes
Display ensemble inf No
Max TIME to input 0. (= whole trace)
Stacked data No
MAX trace/ensemble 120
Primary SORT SHOT
Input PRIMARY FFID

Specify PRIMARY list */ (= all traces)
Input SECONDARY None
Input Global XY No
Use coordinate scalar Yes
Scan range Yes
Use SEG-Y Rev 1 Autodetect
Remap SEG-Y header No

Data Output —» swellfiltered
Output Dataset Filename swellfiltered
New, or Esisting, File New
Record length to output 0. (= all)
Trace sample format 16 bit
Skip primary disk storage? No
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A.3.2 V isualisation  o f signal spectrum

The signal spectrum is visualized to decide how the final band pass filter should be designed, 
using following processing flow.

Disk Data Input <— swellfiltered
Read data from other No
Select dataset swellfiltered
Propagate input file history Yes
Trace read option Sort
Interactive data access No

Select primary header entry FFID
Select secondary header entry None
Sort order V
Presort Memory

Read data multiple times No
Process headers only No
Override input sample interval No

ctive Spectral Analysis
Data selection method Simple
Display data by Traces

Number of traces per analysis * or as neede
Number of traces between loc 0

Primary header for sorting FFID
Scondary header for sorting None
Display average power spectrum Yes
Type of scaling for power dB Power
Type of mapping for power Linear

Reference power -1
Display average phase spectrum Yes
Phase shift? None
Unwrap phase spectrum No
Display selected trace data Yes
Display the FX power spectrum Yes
Display the pre-FFT time window No
Pre-FFT time window taper type Hanning

Percent flat 80
Set freq display range auto Yes
Set power display range auto Yes
Set phase display range auto Yes
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A.3.3 S ignal processing

In the next steps, a wide bandpass will be applied to the data before the predictive devon- 
volution step. This is followed by a narrow  banpass. After an AGC gain, the final data is 
obtained.

Disk Data Input +— swellfiltered
parameters 

Bandpass Filter
TYPE
TYPE specification 
PHASE of filter 
Domain 
Zero padding 
Notch filter?
Freq-slope values 
Re-apply trace mute? 

Spiking/Predictive Decon 
TYPE
Decon operator length 
Operator prediction 

Water relative?
Filter corretion?

Apply specif, taper?
White Noise level 
Window rejection fct.
Time gate reference 
Get gates from DB

SELECT PRIMARY word 
SELECT SECONDARY word 
SPECIFY parameters 

Output
Apply bandpass?
Re-apply trace mute?

Bandpass Filter
Similar as above but 
Freq-slope values 

Automatic Gain Control 
Application mode 
Type of AGC scalar 
AGC operator length 
BASIS
Exclude hard zeroes?
Robust scaling?

see above

Single Filter 
Butterworth 
Zero
Frequency
25.
No
150-24-1500-24
Yes

Minimum phase pred
20
2
No
No
No
0.1
2
Time 0 
No 
FFID 
None
time as required 
Normal output 
No
Yes

250-24-1200-24

APPPLY
RMS
50.
Trailing
Yes
No
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Ensemble Redefine (optional, only if Trace Display follows)
Mode of application Entire
Max. traces per ens. 500 (for display)

Trace Display Label (optional)
Trace label as required

Trace Display (optional-check quality visually)
Device 
Start time 
End time
Max traces per screen 

Overlap 
Number of Ensembles 
Variable spacing?
Output mode 
Trace display mode 
Header plot param 
Direction 
Polarity 
Primary Label 
Secondary Label 
Trace scaling

Excursion clip 
Scalar for multipl. 
Scaling option 

Trace orientation

This screen 
as required 
as required 
500 or as required
0 or as required
1 or as required 
No
When done 
As required 
None
Left to right 
Normal 
FFID 
None
Conventional
2 
1
individual
Vertical

Ensemble Redefine (optional-only if Trace Display preceded)
Mode of application Entire
Max. traces per ens. 1

Disk Data Output —> processed
Output Dataset processed
New,or Existing,File New
Record length 0. (= all)
Trace sample format 16 bit
Skip primary disk str No
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A.3.4 SEG-Y O utput

Finally, 16-bit SEG-Y data is w ritten to the harddisk and copied for storage.

Disk Data Input <— processed
Read data from other No
Select dataset processed
Propagate input file history Yes
Trace read option Sort
Interactive data access No

Select primary header entry FFID 
Select secondary header entry None 
Sort order */
Presort Memory

Read data multiple times No
Process headers only No
Override input sample interval No

SEG-Y Output
Type of SEG-Y Standard
Type of storage to use Disk Image

Enter DISK file path /path/filtered.sgy
Polarity NORMAL
EBCDIC Reel Header Gen. Derived from hist
Display information option None
JOB ID # for bin header 9999
Line D for bin header 9999
Desired trace format 2 byte Integer
Maximum time to output 0.
Remap SEGY header values No
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During the cam pagnes of the R /V  Belgica (Cadipor II) and R /V  Pelagia (Moundforce II) 
in May 2005, a wide-angle seismic experim ent was conducted to obtain a seismic velocity 
model for the sedim entary environm ent in the El Arraiche m ud volcano field. The main 
reason to obtain a reliable velocity model are the running IODP Proposals 673 and 689, which 
aim to drill the carbonate m ound environm ent on the Pen Duick Escarpment (Henriet et al.) 
respectively the Mercator m ud volcano environm ent (Depreiter et al.).

Because no long stream ers were available for this experiment, the R /V  Pelagia was used as 
a gunning vessel, firing an array of 4 airguns. At the same time, the R /V  Belgica was used as 
recording vessel, on which the acoustic data was recorded. The geom etry of the experim ent 
was set up as follows: R /V  Belgica and R /V  Pelagia were directed on parallel lines 50 m 
apart in opposite directions. Efforts were made to sail tow ards each other at such a speed 
that the mid point between the ships, thus between source and receiver, was constant. This 
common mid point (CMP) was located be in the proximinty MOMA-03A point, one of the 
drilling targets in the IODP-673 drilling proposals in the vicinity of Pen Duick Escarpment 
and Gemini MV. The direction of sailing was parralel to the average strike of the Renard 
Ride /  Pen Duick Escarpment. Figure B.l represents the positioning of R /V  Belgica, R /V  
Pelagia and the CMPs. The CMP of shot point 106 (orange) is 500 m south of MOMA-03A. 
The coordinates of CMP 106 are W6.7933276 /  N35.2695145.

•6 50  -6‘ 49 9  49 9  4T -9 49 -9 4S' -9'44'

-6 44

Figure B.l: Navigation during w ide angle seismic experim ent Blue dots represent R /V  Bel
gica navigation. Red dots represent R /V  Pelagia navigation. Green dots represent Com mon  
M id Points (CMP). Orange do t is CMP o f shotpoint 106. Background: bathymetric contour 
with Gemini M V  on the right side.
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Including the direct wave, seven horizons have been picked (Figure B.2) for which the 
seismic velocity was calculated using

t2 =  t l  +  fracx1vlms (B 1 )

. t is the two-way travel time of the signal, x  the horizontal distance, v the unknow n RMS 
velocity and to is the vertical two-way travel time com ponent of the signal, calculated as

0̂  ̂ — ^direct (B.2)

with t ¿ i r e c t  the horizontal two-way travel time com ponent of the signal. The RMS velocity is 
the velocity calculated over the entire signal, i.e. from source to receiver and is a root-mean- 
square average of the velocities in the w ater column and all sedim ent above the specified 
reflector. To obtain the velocity of a specific layer between two selected horizons, a conversion 
from RMS velocity to interval velocity is calculated through Dix equation:

\
For the actual velocity com ponent, only shots 150 to 257 of the raw data because the earlier 
shots had a too large lateral offset distance, which yielded errors.

After picking the selected signals, the calculations yielded results as show n in the follow
ing table:

Horizon t to tssf krms k¿nt Zssf Z

Direct 140.62 0
H 0 868.0 856.5 0.0 1502.1 1502.1 0 643.3
H i 965.9 955.6 99.1 1513.3 1610.0 75.0 723.1

h 2 1080.7 1071.6 215.1 1547.5 1829.1 166.4 829.1
h 3 1218.6 1210.5 354.0 1599.9 2004.4 283.2 938.4
h 4 1298.5 1290.8 434.3 1637.6 2204.5 355.6 1056.9

h 5 1612.1 1605.9 749.4 1792.4 2426.8 671.6 1439.2

w ith t ss f  the time recorded from seafloor, Vrms the root mean square velocity, V¿ní the 
interval velocity, Zss¡ the sub-seafloor depth, and Z  the depth from sealevel.

The interval velocities gradually increases with depth which can be attributed to increas
ing compaction of the hemipelagic sedim ents.
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Figure B.2: CMP gather of w ide angle seismic experiment. Purple horizon is direct wave. 
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A b s t r a c t

The El Arraiche field is a new mud volcano field discovered near the Moroccan shelf edge in the G ulf o f  Cadiz that 
consists o f  8 mud volcanoes in water depths from 200 to 700 m. The largest mud volcano in the field (AÍ Idrissi mud 
volcano) is 255 m high and 5.4 km wide. The cluster was discovered during a survey with the RV Belgica and studied 
further during Leg 2 o f  the TTR 12 survey onboard the R/V Prof Logachev. The 2002 surveys yielded detailed multibeam 
bathymetry over a 700 km2 study area, dense grids o f  high-resolution seismic data, deep-tow sub bottom profiles, sidescan 
sonar mosaics over the major structures. Selected video imagery lines, video guided grab samples, dredge samples, gravity 
cores, and box cores were collected for groundtruthing purposes. Eight mud volcanoes in water depths from 200 to 700 m 
cluster around two, sub-parallel anticlines and associated active extensional faults. Rock clasts and regional seismic data 
locate the El Arraiche field over a Late M iocene-Pliocene extensional basin. The onset o f  mud volcanic activity is estimated 
at about 2.4 Ma and probably roots in the Cretaceous-M iocene accretionary wedge. Stacked outflows are visible up to a 
depth o f  about 500 m below the sea floor. The occurrence o f  long-lived mud volcanoes bear witness to continued 
overpressure generation at depth, either by in situ oil and gas generation or by focussed flow and accumulation in the 
area. Geochemical analyses o f  pore water from cores demonstrate the presence o f  thermogenic hydrocarbon processes. The 
activity o f  the mud volcanoes is indicated by the thickness o f  hemi-pelagic sediments covering extruded mud breccia, the
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occurrence o f  seep-typical fauna, the degree o f  mixing between thermogenic and biogenic hydrocarbon processes, or the 
depth to the base o f  the sulphate reduction zone. Given its structural setting and the evidence o f  thermogenic and biogenic 
hydrocarbons, the area has promising hydrocarbon potential but remains untested.
©  2005 Elsevier B.V. All rights reserved.

Keywords: m ud volcanoes; hydrocarbons; G u lf o f  C adiz; M orocco; A tlantic  m argin

1. In troduction

Since the first mud volcano was discovered in the 
Gulf o f  Cadiz in 1999 (Gardner, 2000, 2001), 30 or 
more mud volcanoes were identified in the span o f  
three years (Pinheiro et al., 2002; Somoza et al., 
2003), together with vast fields o f  hydrocarbon-de
rived pockmarks and other features related to fluid 
escape (Barazza and Ercilla, 1996). As such, the Gulf 
o f  Cadiz (Fig. 1) has, in a very short time, become one 
o f the prime targets to study these submarine features 
and the associated sedimentary, biological and bio
chemical processes.

In May 2002 a new mud volcano cluster was dis
covered (Fig. 2) near the Moroccan shelf edge offshore 
o f  the city o f  Larache during a survey with RV Belgica 
and studied further during Leg 2 o f  the TTR 12 survey 
on board o f  RV Prof Logachev. The El Arraiche mud 
volcano cluster (Fig. 2) consists o f  8 mud volcanoes in 
water depths from 200 to 700 m. The largest mud 
volcano in the field (AÍ Idrissi mud volcano) is 255 
m high and 5.4 km wide and the smallest mud volca
noes (Lazarillo de Tormes and Don Quichote mud 
volcanoes) are only 500 m wide and 25 m high. The 
surveys yielded detailed multibeam bathymetry over 
the entire area, dense grids o f  high-resolution seismic

.Cadiz

Rharb
J ^ lA jra ic h e  field

\ y ^ \  a llochtonous nappes | | external units o f G ibra lter arc

I I accretionary style deform ation [ ^ j  Location o f the El A rra iche field

] T riassic diapiric zone

Fig. I. M ud volcano provinces o f  the G u lf o f  C adiz in their structural setting  (based on  M aldonado e t al., 1999; Som oza e t al., 2003). 
G D R = G uadalqu iv ir ridge, D PM =D eep Portuguese m argin, SPM = Spanish  M orrocan m argin.

37° N N

36° N
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Pen D u ick  escarpm en t
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Fig. 2. 3D  m orphology o f  the El A rraiche m ud  volcano field at the M orroccan A tlantic m argin  derived from  m ultibeam  bathym etry. AÍ Idrissi is 
the largest m ud volcano, 255 m high and 5.4 km  in diam eter. Don Q uichote (D Q ) and Lazarillo de Torm es (LdT), the sm allest m ud volcanoes, 
are only  about 25 m  high.

data, a few very high-resolution deep-towed sub-bot
tom profiles, side scan sonar data over the major 
structures, selected video imagery, video guided grab 
samples, dredge samples and gravity cores. Integration 
o f  data sets allows studying these long-lived mud 
volcanoes in detail, and moreover, macro as well as 
micro level studies over selected places from the re
gional scales down to microscopic scales.

Mud volcanoes in the Gulf o f  Cadiz are closely  
associated with accretionary wedge-type setting re
lated to the convergence o f  the African and Eurasian 
plate boundaries and gravitational thin-skinned tec
tonics over a Triassic salt decollement, also com
monly known as the olistostrome unit (Somoza et 
al., 2003). The newly discovered El Arraiche field is 
part o f  a larger cluster o f  mud volcanoes (the Span
ish Moroccan Field, Gardner, 2001) that lies within 
the accretionary realm but outside the active olistos
trome units (Fig. 1). Like other mud volcanoes in 
the Gulf o f  Cadiz (Somoza et al., 2002), the El 
Arraiche mud volcanoes evidence episodic expul
sion o f  liquidized sediment thought to be related 
to the episodic migration o f  hydrocarbons. This 
paper describes the main characteristics o f  the 
mud volcanoes in the El Arraiche field and dis
cusses their origin, structural setting and the impli
cations for the hydrocarbon potential o f  this area 
offshore Morocco.

2. G eologica l setting

The Gulf o f  Cadiz is situated between 9° W to 6° 
45' W and 34° N to 37.15' N enclosed by the Iberian 
peninsula and Morocco, west o f  Gibraltar. The ba
thymetry is steadily increasing from 200 m at the shelf 
edge to depths o f  over 4 km in the Horseshoe and 
Seine abyssal plains. Geologically, the setting o f  the 
Gulf o f  Cadiz is extremely complex and still under 
debate (Sartori et al., 1994; Maldonado et al., 1999; 
Gutscher et al., 2002). One o f  the most important 
structures is the large olistostrome complex (or 
allochthonous nappes) that were emplaced in the Tor- 
tonian in an accretionary wedge-type environment 
(Maldonado et al., 1999; Medialdea et al., 2004). 
The main part o f  the olistostrome unit occupies the 
central part o f  the Gulf o f  Cadiz as a lobe-shaped 
structure that extends over 300 km into the ocean (Fig. 
1, Maldonado et al., 1999), its extent seems not yet 
well defined (Maldonado et al., 1999; Somoza et al., 
1999; Medialdea et al., 2004; Maestro et al., 2003). 
The study area is situated south o f  the main olistos
trome unit where thick Late M iocene-Pliocene sedi
mentary series were deposited in extensional basins at 
the back o f  advancing allochthonous sheets (Medial
dea et al., 2004). M io-Pliocene depocentres are bor
dered by shallow ridges characterized by large and 
active normal faults (Flinch, 1993), probably super
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posed on relict Miocene thrust anticlines (Maldonado 
et al., 1999) or Triassic salt diapir structures (Berá- 
stegui et al., 1998; Somoza et al., 2003).

AU mud volcanoes and other fluid escape features 
have been found within the realm o f the accretionary 
prism units. They cluster in several mud volcano 
fields (Somoza et al., 2003, Fig. 1): the Guadalquivir 
Diapir Ridge (GDR) mud volcano field is located at 
the north-western side o f  the Guadalquivir Ridge at 
the margin o f  the Tortonian olistostrome unit and at 
the main thrust belt in this area. It is a dense field with 
11 identified mud volcanoes, mud cones and large 
fluid escape structures in water depths from 380 to 
1560 m (Somoza et al., 2003). The term “mud eone” 
refers to conical shaped hills without proof o f  mud 
breccia (Somoza et al., 2003) but is further used here 
to indicate the mud volcanic hill. The largest structure, 
the Lolita mud eone, occurs in a water depth o f  1560 
m and is 316 m high and 5.7 km wide. The Tasyo mud 
volcano field is separated from the GDR mud volcano 
field by the Cadiz undercurrent channel. It lies over 
the north-central part o f  the main olistostrome unit 
and consists o f  8 mud volcanoes or mud cones amidst 
many other unidentified circular sea floor structures. 
The largest structure, the Faro mud volcano, is 190 m 
high and 2.6 km wide and set in a water depth o f  795 
m. The Deep Portuguese Margin (DPM) mud volcano 
field occupies the distal part o f  the main olistostrome 
unit in water depths between about 2 to 3.2 km. Only 
three mud volcanoes have been discovered in this 
large area but many other features that resemble 
mud volcanoes or mud cones still need to be studied. 
The largest in this mud volcano field is probably the 
Bonjardim mud volcano that was encountered in a 
water depth o f  about 3060 m. It is about 100 m high 
and about 1 km in diameter (Pinheiro et al., 2002). 
The Spanish-Moroccan (SPM) mud volcano field lies 
within the “Triassic Diapiric” structural zone (Somoza 
et al., 2003), south o f  the main olistostrome unit, in a 
water depth o f  about 600 to 1200 m. The largest 
structure in this area is probably the Ginsburg mud 
volcano that is over 200 m high and about 4 km in 
diameter in a water depth o f  about 1200 m (Gardner, 
2000 ,  2001 ).

The El Arraiche mud volcano field is located at the 
south-eastern continuation o f  the Spanish-Moroccan 
mud volcano field, offshore the city o f  Larache. The 
mud volcano field is located within the accretionary

prism structure but outside the realm o f  the main 
olistostrome units. Exploration well LAR-1 is located 
about 8 km east o f  the study area.

3. Data

The multibeam survey on board R/V Belgica used 
a Kongsberg EM 1002, extended with a deep water 
module. Maximum sailing speed was 6 knots, with a 
swath width o f  750 m in shallow water (<500 m) and 
500 m in deep water. The acquired data was corrected 
and cleaned with the Kongsberg packages Merlin and 
Neptune. The footprint at 400 m is 15 x 15 m. In total 
700 km2 was covered.

A total o f  62 high-resolution seismic profiles (Fig.
3) were acquired in three dense grids with a line 
spacing o f  about 1 km centred on the Mercator, AÍ 
Idrissi and Gemini mud volcanoes. The seismic ac
quisition used a SIG sparker (80 electrodes) with an 
energy o f  500 J and a SIG surface single channel 
streamer. In some cases a water gun (15 in.3) or a 
GI-gun (SODERA 35 in.3 generator and 35 in.3 in
jector) were used. Along 5 lines the IFREMER deep- 
tow Chirp source (650-2000 Hz) was tested with the 
IFREMER deep-tow 2-channel streamer (o f which 
only one channel was used during this campaign), 
with excellent results in terms o f  penetration and 
resolution. Seismic profiles were digitally recorded 
using the Elies Delph system. Data processing 
(swell-filter, band pass filter, deconvolution and signal 
amplification) used the Landmark Promax processing 
software. Interpretation and mapping was done using 
Seismic Microsystems’ Kingdom Suite.

During the TTR 12 survey side scan sonar imagery 
over the main features (Fig. 3) was acquired using the 
deep-towed hydro-acoustic complex Mak-1, with an 
operating frequency o f  30 kHz, and a sub bottom 
profiler operating at 5 kHz. The Vernadsky Ridge, 
the deeper part o f  the Renard Ridge and the Mercator 
mud volcano were surveyed with one sidescan sonar 
line each, AÍ Idrissi and Gemini mud volcanoes and 
the upper Renard Ridge were each covered by a mo
saic o f  three lines. Based on the side scan sonar data, 6 
transects were chosen for a deep-towed TV-line, for a 
total o f  15 h. Based on the TV-lines, TV-guided grab 
samples were taken (Fig. 3). Dredge samples o f  mud 
breccia at the sea floor were taken on Mercator and AÍ
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Fig. 3. Shaded bathym etry  m ap o f  the El A rraiche m ud volcano field w ith localisation o f  the available seism ic data, side scan sonar m osaics, 
TV-lines, and sea  floor sam ples.

Idrissi mud volcanoes. In the craters o f  the main mud 
volcanoes (Mercator, AÍ Idrissi, Gemini, and Fiúza) 
the subsurface was sampled by gravity cores. Four 
additional box cores are also available from the R/V 
Belgica survey. The technical details o f  the equipment 
and core analysis strategies during TTR12 survey are 
listed in the cruise report Kenyon et al. (2003). Geo
chemical sampling was performed on all gravity cores 
within the El Arraiche mud volcano field at irregular 
intervals o f  about 10 to 30 cm, depending on the 
lithology. Geochemical sampling and analysis proce
dures are described by De Mol et al. (1998) and 
Stadnitskaia et al. (2002). This paper uses measure
ments o f  methane concentrations and the ratio between 
methane concentration and the concentration in high 
hydrocarbons (C 1 /C 2+).

4. D ata descrip tion  and interpretation

The El Arraiche mud volcano field (Fig. 2) con
sists o f  at least 8 mud volcanoes o f  varying size that 
are clustered around two sub-parallel sea floor 
ridges, the Vernadsky and Renard ridges, both with 
steep fault escarpments. The ridges rise up in water 
depths o f  about 700 m and stretch to the shelf edge. 
Most mud volcanoes occur on top o f  the Renard 
ridge (Lazarillo de Tormes mud volcano, Gemini 
mud volcano, Don Quichote mud volcano and 
Fiúza mud volcano). The Kidd mud volcano is 
situated on top o f  the Vernadsky Ridge. Isolated 
mud volcanoes occur between the ridges (Adamastor 
mud volcano, Mercator mud volcano, AÍ Idrissi mud 
volcano).



6 P. Van Rensbergen et al. /  Marine Geology 219 (2005) 1-17

Fiuza mv

y * , s e e  in se t

■/ basal 
: unconformity

: 2 
C

Gemini mv 
W est East

W NW _______________________    O  O  E S E

Pen Duick 
escarpm en t

\

AI Idrissi mv

A__

d e ta il o f  F iu za  m u d  vo lcano

Fig. 4. G eneral high-resolu tion  seism ic line (sparker source) over AÍ Idrissi, F iúza and G em ini m ud  volcanoes. The m ud  volcanoes are 
characterized by  a  reflection-free seism ic facies that show s stacked outflow  lenses w ith in  a stratified series o f  hem i-pelagic sedim ents above a 
regional unconform ity. T he  inset show s a detail o f  interfm gering  m ud flow s that accum ulate in m oats a t the base  o f  the F iúza m ud volcano eone.

3895.5

X/Y
kilom eter g97 2 

3914 .5 -
723.6

seism ic data  

T ^  fault polygones

N 0  blanking zone a t mud

Fig. 5. T im e-structu re  m ap o f  the basal unconform ity (Fig. 4) m apped on basis o f  the h igh-resolu tion  seism ic data. T he age o f  the basal 
unconform ity  is estim ated  2.4 M a, an upper estim ate for the onset o f  m ud volcanism . Indicated abréviations are A I=A l Idrissi, M =M ercator, 
G =G em ini, F=Fiúza, D Q =D on Q uichote, LdT=Lazarillo de Torm es, PD =P en D uick escarpm ent. C on touring  is in m illiseconds T W T  below  sea 
level.



Tabic I
General morphological characteristics o f  the main m ud volcanoes o f  the El Arraiche field

Name W ater depth Height Slope Crater Slope M oat
top (m ) (m) W idth base 

(km)
Width top 
(km)

Overall angle 

(°)

Max depth 
(m)

Height
(m)

D iam eter
(km )

M ax depth 
(m)

Radius
(km)

Quadrant

AÍ Idrissi 197 111-255 4.3 -5 .4 1.2-1.5 5 -8 17 14-42 1.9-2.3 2.85 16 •
M ercator 350 51-141 2.45-1.82 0.98-1.1 5 .5-10 2 22-38 0.65-0 .8 1.3 9 •
Gemini W 423 170-252 4.1-2.3 1.1 5 .5-8.5 No crater 23 -27 0.52-0 .87 1 .5-1.9 12 •
G em ini E 423 117-169 4.1-2 .3 0.95-1.3 5-10.5 No crater 13-23 0.7-0 .87 0 .95-1 .25 3

Fiúza 393 97-143 2.9-2.1 0.75-0 .8 6 -1 0 No crater 27 0 .5 -0 .7 1.1-1.6 36 6
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The mud volcanoes stand out as conical hills on the 
sea floor with varying slope profiles (Van Rensbergen 
et al„ 2005), mud breccia deposits were found at their 
top. On the seismic data, the mud volcanoes are 
characterized by a reflection-free seismic facies that 
shows stacked outflow lenses within a stratified series 
o f  hemi-pelagic sediments above a regional unconfor
mity (Fig. 4). This basal unconformity is mapped in 
Fig. 5 and is used to document the structural setting o f  
the mud volcanoes. The following paragraphs will 
describe each o f  the mud volcanoes. Statistical and 
descriptive information on the mud volcanoes can be 
found in Table 1.

4.1. AÍ Idrissi mud volcano

AÍ Idrissi mud volcano is the largest and shallowest 
mud volcano in the field, situated just below the shelf 
edge in water depths o f  about 420 m (Fig. 2). It 
appears to be located on a westward plunging anti
cline (Fig. 5), visible in the bathymetry and on seismic 
data at the eastern side o f  the AÍ Idrissi mud volcano 
but almost entirely disappears at its western side. 
Deep moats at the base occur at the northern and 
southern side o f  the mud eone but they are absent 
over the plunging anticline at the western and eastern 
sides. The mud volcano is 225 m high, up to 5.4 km 
wide at its base and 1.5 km wide at the top (Table 1). 
It is almost circular at the base and has an eye-shaped 
crater at the top. The crater is up to 17m  deep at the 
western side, the eastern part is occupied by a central 
dome-shaped elevation, maximum 42 m above the 
crater floor. The flanks o f  the mud volcano are dom
inated by down slope mud flows. On the side scan 
sonar mosaic (Fig. 6), mud flows have an even texture 
but return high backscatter in contrast to the pelagic 
slope sediments. Backscatter contrast is lower on the 
southern and eastern flanks probably where pelagic 
sediments drape the mud extrusions. Core 411G (Fig. 
7) and box cores BÍ and B2 at the top and at the 
northern flank o f  the central dome reveal a sandy layer 
at the surface o f  3 -5  cm thick with a sharp and 
irregular limit separating it from a mud breccia. In 
core 4 1 1G (Fig. 7) this mud breccia is a stiff struc
tureless clay with claystone clasts up to 1 cm. The 
small clasts encountered at the central dome is in 
contrast with rock clasts found at the crater floor. 
Here, up to 0.5 m large rocks were dredged. They

m o a t

c e n tra l
dome

m o a t

-6.64 °W -6.62 -6.6 -6.58

Fig. 6. S ide scan sonar m osaic over the AÍ Idrissi m ud volcano 
w ith  superim posed bathym etry. This m ud volcano  is 225 m high, 
5 .4  km  w ide  at its base and 1.5 km  w ide at the top. T he flanks o f  
the m ud  volcano  are dom inated by  dow n slope m ud  flow s with 
h igh  backscatter that contrast w ith  pelagic slope sedim ents w ith 
low  backscatter.

are mainly o f  Upper M iocene and Pliocene age and 
composed o f  coarse to fine grained sandstones and 
siltstones, some with biodetritus in a calcite cement 
(Akhmanov et al., 2002).

4.2. Mercator mud volcano

The Mercator mud volcano is set at the southern 
flank o f  the Vernadsky Ridge within a 2 km wide, N -S  
oriented, collapse zone. This collapse zone is L-shaped 
and turns 90 degrees west, north o f  the Mercator mud 
volcano (Figs. 2 and 5). The mud volcano is an asym
metric mud volcano (Fig. 8) with a moat along its 
southern and western side. It is 141 m high at the 
southern side, 90 m high at the northern side and 
only 51 m high at its eastern side (Table 1 ). It has a 
maximum diameter o f  2.45 km at the base and 1.1 km at 
its top. Side scan sonar data show a semi-concentric 
pattem related to the fronts o f  mud flow lobes, rather
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Fig. 7. D escription o f  gravity  cores located at the crests o f  the m ain m ud volcanoes. T he localisation o f  the cores is indicated on  Fig. 3. C ores 
have w idely varying  fluid contents. Inactive m ud volcanoes are covered  by a hem i-pelagic drape.

than a radial outward mud flow pattern. A 2 m deep 
rimmed crater occurs at the northern side but is absent 
at the southern side. The top o f  the mud volcano con
sists o f  a crater and a 38 m high central dome. Solitary 
blocks ( ±  10 cm in diameter) occur. Core 408 (Fig. 7) 
yielded a grey, structureless, slightly silty clay with clay 
stone clasts, covered by 8 cm o f  oxidized marl. The 
seismic data (Fig. 9) show a smaller buried structure, 
interpreted as a buried mud volcano occurs south o f  
Mercator mud volcano within the same collapse zone.

4.3. Gemini mud volcano

The Gemini mud volcano occurs south o f  the large 
fault escarpments at the sea floor that bound the south
ern flank o f  the Renard Ridge (Fig. 2). It consists o f  two 
mud volcanoes in one large oval-shaped mud eone 
(Fig. 10). The entire mud volcano is up to 252 m 
high, 4.1 km long to 2.3 km wide at the base, the 
maximum diameter at the top o f  the eastern part (Gem
ini East) is 1.3 km and the maximum diameter o f  the 
western part (Gemini West) is 0.9 km (Table 1). The 
summits o f  both Gemini East and Gemini West consist 
o f  a flat crater area with a central dome o f respectively

23 and 27 m above the flat crater area. Core 404G at the 
eastern summit (Fig. 7) reveals 12 cm o f  bio-turbated 
marl (hemi-pelagic mud), on top o f  different layers o f  
mud breccia. Another marl layer with a thickness o f  4 
cm occurs at 32 cm depth. The mud breccia is gray and 
very gas-saturated, with randomly distributed rock 
clasts. At the western summit is no hemi-pelagic sed
iment. Core 405G (Fig. 7) shows a gray mud breccia 
with a strong H2S smell. The surface layer (1 1cm) is an 
oxidized, heavily bioturbated mud breccia. Moats are 
present parallel to the long axis o f  the mud volcano.

4.4. Other mud volcanoes

Fiúza mud volcano is a smaller mud volcano east o f  
Gemini (Fig. 10). It is located at the western termina
tion o f  the Renard Ridge and possibly at the southern 
continuation o f  the collapse depression that host the 
Mercator mud volcano but no faults could be traced in 
either direction to its location. The mud volcano is 
maximum 143 m high, 2.2 km wide at the base and has 
a flat top o f  up to 0.75 km wide with a central dome o f  
27 m high and maximum 0.7 km wide (Table 1). Core 
403G (Fig. 7) at the top o f  the mud volcano retrieved a
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Fig. 8. S ide scan sonar im age o f  the M ercator m ud volcano w ith 
superim posed bathym etry. This asym m etric m ud volcano is 140 m 
high at the southern side but on ly  90 m h igh  a t the northern  side. It has 
a d iam eter o f  1.84 km  at the b ase  and  0.5 km  at its top. Side scan  sonar 
data show  a  sem i-concentric pattern o f  m ud  flow  lobe fronts in the 
crater and  on  the slope, different from  radial outw ard  m ud  flow  
pattem  at AÍ Idrissi m ud volcano.

homogeneous mud breccia covered by 12 cm o f  pe
lagic marl. A  semi-circular moat occurs around the 
base o f  the mud volcano. Moats are also prominent 
at deeper levels on seismic data.

Kidd and Adamastor mud volcanoes have been 
described earlier by Gardner and Shashkin (2000). 
Adamstor is 2 km wide at the base and about 160 m 
high. Kidd is sitting on the edge o f  a fault escarpment, 
it is about 4 km wide but its height is difficult to 
measure (between 60 to 160 m). The smaller Don 
Quichote and Lazarillo de Tormes mud volcanoes 
occur at the crest o f  fault blocks on top o f  the Renard 
Ridge. Lazarillo de Tormes mud volcano, is 500 m 
wide and 25 m high. No cores were taken at these 
mud volcanoes. In general, both mud volcano setting 
seem associated with extensional faults at the crest o f  
the Renard Ridge anticline.

4.5. Interpretation

On seismic sections, the mud volcanoes consist o f  
a columnar zone without coherent acoustic informa
tion, about the width o f  the mud volcanic eone (Fig.
4). Large mud flows emerging from this central zone 
are also free o f  reflections, but show a sharp transi-

0.5

1

South North

Fig. 9. Seism ic line through the M ercator m ud  volcano  and  a  sm aller buried m ud  volcano  ju s t south  o f  it.

Mercator 
mud volcano

buried 
mud volcano

6  km
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Fig. 10. S ide scan sonar m osaic over the G em ini and F iúza m ud volcanoes w ith superim posed bathym etry. T he entire  m ud  volcano is abou t 200 
m  high, 4 .88 km long to 2.5 km  w ide a t the base, the diam eter a t the top o f  the eastern part is 0.9 km  and the d iam eter o f  the w estern  part is 0.6 
km. T he sum m its consist o f  a flat area w ith  a  central dom e o f  respectively 20 and 30 m above the flat top. F iúza m ud volcano  is 60 m  high, 2.2 
km  w ide  at the base  and  has a flat top  o f  about 600 m  w ide w ith a  central dom e o f  10-18  m  high and about 300 m  w ide.

tion to the surrounding sediments. The mud flow  
deposits are typically lens-shaped, convex at the 
top and often fill a moat at the base o f  the mud 
volcano. In the subsurface, the same pattem returns 
at several levels bounded by local unconformities 
(Fig. 4). Stacked outflow lenses produce the typical 
Christmas-tree morphology o f  long-lived mud volca
noes, similar to other mud volcanoes in the Gulf o f  
Cadiz (Somoza et al., 2002). On the seismic data 
only the tips o f  the largest outflow deposits are 
visible and probably represent only the largest extru
sion events. The lateral dimensions o f  feeder channel 
and outflow deposits in the subsurface cannot be 
measured due to acoustic blanking under almost 
the entire width o f  the present-day mud volcano. 
3D seismic data in other mud volcanic provinces 
have demonstrated that the width o f  the feeder chan
nel is probably much smaller than the zone affected 
by acoustic blanking or by chaotic reflections (Van 
Rensbergen et al., 1999).

Moats at the base o f  mud volcanoes are mostly 
interpreted as subsidence rims related to volume reduc

tion caused by degassing and sediment removal (Prior 
et al., 1989; Camerlenghi et al. 1995). However, high- 
resolution seismic profiles across these moats show the 
details o f  a cut-and-fill facies, indicating erosion by 
currents. Somoza et al. (2002) also suggest that the 
moats are caused by erosional currents deflected by 
the mud volcano eone. For the El Arraiche mud volca
no field, Van Rensbergen et al. (2005) suggest erosion 
in combination with subsidence; subsidence rims can 
be deepened by current or smoothed by sediment fill. 
The subsidence rims do not evolve into sediment with
drawal synclines but are filled by mud flows and lay
ered hemi-pelagic sediments and re-appear higher in 
the section at a slightly different position.

Episodic mud extrusion created vertical columns o f  
remoulded mud up to 500 m below the top o f  the mud 
volcanoes. The deepest observed occurrence o f  mud 
extrusion deposits is underlain by a regional unconfor
mity. The unconformity, between 450 and 1250 ms 
TWT (or about 350 and 900 m below sea level), 
bears witness to a wide-spread erosional event and is 
the base for a seemingly continuous succession o f  deep
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water sediments. This basal unconformity is interpreted 
to correspond to an important sea level low stand at 2.4 
Ma (Hemández-Molina et al., 2002). This estimated 
date is well within the age limits obtained by correla
tion with a near-by industrial well LAR-1 (Flinch et al., 
1996), and yields a reasonable sedimentation rate o f  
about 10 cm/ka. The interpreted age (2.4 Ma) o f  the 
regional unconformity can be regarded as an upper 
estimate for the duration o f  the mud volcano activity 
in the El Arraiche field.

The time-structure map o f  this basal unconformity 
(Fig. 5) shows the structural highs and younger normal 
faults at the crests. Fault interpretation from the seismic 
sections is difficult due to the fact that data quality at the 
mud volcanoes and ridges is not optimal. The bathym
etry data show much better the geometry o f  active 
faults. Steep escarpments are drawn from sea floor 
dip maps on the shaded relief map o f  the study area 
together with structural information from the seismic

data in Fig. 11. Numerous extentional faults create 
steep escarpments, in places more than 100 m high, 
with rapidly varying strike. They are interpreted as 
collapse faults related to the uplift o f  the anticlines. 
Also the Vernadsky Ridge and Renard Ridge anticlines 
are not continuous structures but appear almost as an 
‘en-echellon’ succession o f  curved sections, disrupted 
by 2 -3  km wide N W -SE trending deformation zones. 
From the seismic data, it appears that these deformation 
zones are associated with increased subsidence and 
collapse o f  the anticlines.

5. D iscussion

5.1. Origin o f  El Arraiche mud volcano field

There is little information about the deep-seated 
feeder system o f  the El Arraiche field. High-resolution

35.4N -

35.3N -

35.2N -

-6.9W -6.8W
i

-6.7W -6.6W

“  “  « basin axis

anticline crest 

escarpment/fault facing South

escarpment/fault facing North 5 km

Fig. 11. T he  localisation o f  anticlines, basins, and faults from  the tim e-struc tu re  m ap in Fig. 5 draw n on  a shaded illum ination m ap o f  the sea 
floor at the El A rraiche m ud volcano  field. In the w estern part o f  the study  area, good  seism ic coverage is m issing and structures are interpreted 
from  detailed sea floor analysis. Faults have rapidly vary ing  strike and  throw , anticlines are discontinuous, and seem  com partm entalized  by  N E -  
SW  trending  collapse  zones.
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seismic profiles only penetrate the upper 500 m and in 
this case only image the extrusive part o f  the mud 
volcano system. Moreover, the subsurface immediately 
below the mud volcanoes is almost entirely blanked. 
Only mud breccia clasts from the mud volcanoes bear 
witness o f  the stratigraphy that was traversed by the 
mud volcano feeder system. Petrographie studies o f  
mud breccia clasts retrieved from Al Idrissi and Mer
cator mud volcanoes by Akhmanov et al. (2002) situate 
the mud volcano field over an Upper Miocene-Plio- 
cene sedimentary basin. Smaller limestone clasts indi
cate that the mud volcano feeder system probably roots 
in or below Upper Cretaceous- Miocene rocks, similar 
to the other mud volcano fields in the Gulf o f  Cadiz 
(Akhmanov et al., 2002; Ovsyannikov et al., 2003).

Upper M iocene-Pliocene clasts were o f  exception
ally large size, which indicates the shallow position o f  
Upper M iocene-Pliocene rocks in this area. On basis 
o f  the near-by exploration well LAR-1 and its corre
lation with industrial 2D seismic lines (Flinch, 1993), 
the top Pliocene and top Miocene at the Al Idrissi mud 
volcano are estimated to occur respectively at about 
150 and 900 m below the sea floor. The base o f  the 
Upper Miocene was not encountered in the 2400 m 
deep LAR-1 drill hole. Hence, the distance o f  vertical 
transport o f  the large blocks ranges from 370 m (the 
depth to top Pliocene plus the height o f  the mud 
volcano) to over a kilometre.

The source o f  overpressure seems to be, at least 
partly, related to pore fluid volume expansion during 
thermogenic gas generation (Barker, 1990). The large 
mud volcanoes (Al Idrissi, Gemini, Mercator and 
Fiúza) bears witness o f  repetitive sediment extrusion

and growth since they appeared about 2.4 Ma ago. Gas 
generation in Mesozoic source rocks and focussed fluid 
flow along the basal detachment o f  the accretionary 
wedge both provide possible sources for sustained and 
repeated fluid injection into the overburden sediments, 
probably increased by periods o f  tectonic compression. 
Geochemical analysis o f  gravity cores on the mud 
volcanoes (Table 2) yielded hydrocarbon gasses from 
thermogenic origin in the crater o f  Gemini West and 
gasses from mixed thermogenic/biogenic in the craters 
o f  Fiúza and Gemini East mud volcanoes, the latter was 
interpreted by Bileva and Blinova (2002) as evidence 
for a longer period o f  inactivity. Hydrocarbon gasses 
with thermogenic signature were also retrieved from 
Ginsberg mud volcano, down slope o f  the El Arraiche 
field (Mazurenko et al., 2002).

5.2. Mud volcano activity

The notion o f  present-day activity o f  mud volca
noes depends on whether fluid or sediment expulsion 
is considered. Both processes occur at mud volcanoes 
and they are closely related given that fluid flow is the 
main cause o f  subsurface sediment mobilisation (see 
discussion by Van Rensbergen et al., 2003). But both 
fluid seepage and sediment extrusion activity are dif
ficult to assess and conclusions can diverge as is 
illustrated below. Table 2 summarizes the indications 
o f mud volcano activity for the main mud volcanoes 
in the El Arraiche field. The time since the last 
sediment extrusion is indicated by the thickness o f  
hemi-pelagic sediments that cover mud breccia at the 
crater. Our observations indicate that most recent

Table 2
O verview  o f  indicators o f  m ud volcanic activity. Average C t / G2+ ratio is calculated  for the m easurem ents below  the  sulphate reduction  zone 
(SRZ)

Thickness Thickness M axim um  m ethane C 1/ C 2+ ratio Seep fauna Interpretation
pelagic drape SRZ concentration (average)

Al Idrissi N o 55 cm 564 (ml/1) 
(at 161 cm )

1700 N o seep fauna observed Large flux o f  
biogenic gas

M ercator 8 cm »  80 cm 0.6 (ml/1) 
(at 61 cm )

— P ogonophora Very low  flux

G em ini east 11 cm 90 cm 504 (ml/1) 
(at 153 cm )

888 P ogonophora Low  gas flux o f  
m ixed origin

G em ini w est N o 45 cm 875 (ml/1) 
(at 201 cm )

27 P ogonophora Large flux o f  
therm ogenic gas

Fiuza 12 35 cm 109 (ml/1) 
(at 71 cm )

803 N o seep fauna observed M oderate gas flux 
o f  m ixed origin
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crater-wide sediment extrusion occurred at Al Idrissi 
and Gemini West mud volcanoes. At Mercator mud 
volcano, recent extrusion seems to have occurred only 
in a narrow zone at the crest o f  the central dome (Van 
Rensbergen et al., 2005). The activity o f  gas seepage 
can be deduced from the depth o f  the sulfate reduction 
zone (SRZ) and by the occurrence o f  typical seep 
fauna. Al Idrissi and Gemini West are the most active 
mud volcanoes; there is no or little pelagic drape, the 
SRZ is shallowest and the methane concentrations in 
the sediments are high. It is remarkable that the C ,/  
C2+ ratio at Al Idrissi is typical for biogenic methane 
whereas Gemini West has C \ / C 2+ ratio typical for 
thermogenic methane.

5.3. Structural control on mud volcano occurrences 
and its implications fo r hydrocarbon exploration

The Vernadsky Ridge anticline and the anticline 
below Al Idrissi mud volcano continue into the shelf 
area where they were mapped by Flinch (1993) on 
basis o f  regional seismic lines. Flinch et al. (1996) 
mapped listric faults over Miocene thrust anticlines 
that bound large Pliocene extensional basins (Fig. 12). 
Similar Pliocene extensional basins have been identi
fied on regional seismic lines in the central Gulf o f  
Cadiz (IAM-T3 line in Gracia et al., 2003 and in 
Medialdea et al., 2004). They formed at the back o f  
the advancing sheets (Medialdea et al., 2004), proba
bly facilitated by the mobilisation o f  Triassic evapor- 
ites and Miocene shales (Maestro et al., 2003).

The structural setting o f  the El Arraiche field is 
thus very different from the GDR, Tasyo and DPM 
mud volcano fields in the Gulf o f  Cadiz and the 
geographical division in mud volcano fields also has 
geological relevance. A generalized line drawing 
along a N W -SE transect illustrates the structural set
ting o f  the different mud volcano fields (Fig. 12). The 
GDR mud volcano field is located at the north-west
ern margin o f  the Tortonian olistostrome and at the 
major fold and thrust belt in this area (Gracia et al., 
2003). Large thrusts faults are known to focus fluid 
flow at the base o f  the accretionary system. These 
fluids are likely to move upwards along stacked steep 
inverse faults at the front thrust zone (GDR field) or at 
thrust anticlines within the olistostrome unit (TASYO  
field en DPM field). At places, mud volcanoes are 
interpreted to overlie diapirs o f  Miocene plastic marly 
clays o f  the olistostrome unit (Maldonado et al., 1999; 
Somoza et al., 2003). The olistostrome unit is densely 
fractured, thrust anticlines are not continuous and very 
irregular, hence mud volcano distribution seems ran
dom. Pinheiro et al. (2002) indicate that mud volca
noes seemed aligned along a conjugate fault system  
with N W -SE and N E -SW  direction, probably strike- 
slip faults. In any case, the influence o f  the intensely 
deformed allochthonous units on the distribution o f  
mud volcanoes and fluid escape features is dominant. 
The SPM mud volcano field and the El Arraiche field 
are located outside the main olistostrome unit. Here, 
most compressional structures are buried below a 
thick, continuous, Plio-Pleistocene sequence that

GDR
field TASYO field SPM field

N W S E
S e a  level

along d e n se
fracture zo n e s

\ -  x \ El Arraiche 
^  V . \ \ \  field

\  \ \ A at *3Ur'ê  structural highs
a t active thrust anticlines

(salt diapirs or buried thrusts)

line-drawing not to scale

Miocene olistostrome unit 

Late Miocene to Pleistocene basin fill 

Interpreted preferential fluid paths 

A . Mud volcanoes

Fig. 12. G eneral structural cross section o f  the G u lf  o f  C adiz show ing the m ain m ud volcano fields in their structural setting (based  on G racia  et 
a l., 2003; Flinch, 1993).
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seals accretionary complex structures o f  Miocene age 
(Gracia et al., 2003).

The mud volcanoes seem to be located within 
extensional fault zones, which facilitate vertical up
ward fluid and sediment injections. The exact location 
o f the mud volcanoes depends on the local and re
gional stress directions. Mercator mud volcano, the 
buried mud volcano south o f  Mercator mud volcano, 
and Fiúza mud volcano seem to occur within a N E -  
SW trending deformation zone. Kidd and Adamastor 
mud volcanoes, and probably a smaller one just south 
o f  Adamastor, also appear to occur within a N E-SW  
oriented deformation zone, almost parallel to the col
lapse depression that host the Mercator mud volcano 
(Fig. 11). Sediment injections will occur along fault 
sections or fractures perpendicular to the direction o f  
minimum horizontal stress (Tingay et al., 2003). Since 
the anticlines are most likely compressional struc
tures, sediment injections are expected to occur 
along fault zones perpendicular to the anticline.

Hydrocarbon exploitation in the G ulf o f  Cadiz only 
occurs at the Spanish shelf where Spain’s largest gas 
field, the Poseidon field, produced >500 million Nm 3 
o f  natural gas in 2002 (Mineco, 2003). The Moroccan 
and Portuguese margins are largely under explored, 
only 5 wildcats were drilled at the Portuguese margin 
in the Algarve basin (IGM, 2003) and 1 at the Mor
occan shelf offshore the city o f  Larache (ONAREP, 
2003). In the entire Gulf o f  Cadiz only 7 exploration 
wells were drilled at water depths >200 m. The main 
hydrocarbon source rock is Early to Middle Jurassic 
oil and gas prone shale. Oil generation was estimated 
to occur since Toarcian times (ONAREP, 2003). The 
most important reservoir rocks are Jurassic reefal 
build-ups and Cretaceous deltaic sands. In the deep 
water areas Tertiairy turbidites and carbonates are 
considered to be possible reservoir rocks (ONAREP, 
2003). Hydrocarbon exploration in the Gulf o f  Cadiz 
is hampered by the intense deformation and nappes 
emplacement since the Tortonian. Mud volcanoes in 
the entire Gulf o f  Cadiz seem to root in Cretacous to 
Miocene rocks (Akhmanov et al., 2002), below or 
within the olistostrome units. Somoza et al. (1999) 
suggest large possible hydrocarbon accumulations 
below the salt-floored olistostrome units. In the cen
tral part o f  the Gulf o f  Cadiz the structural deforma
tion extends up to the sediment surface and controls 
the distribution o f  mud volcanoes in the GDR, Tasyo

and DPM mud volcano fields. This may indicate a 
redistribution o f  hydrocarbon fluids from deeper 
sources along several fault-controlled pathways 
through the allochthonous complex. In the SPM and 
the El Arraiche mud volcanoes fields, most o f  accre
tionary wedge thrust anticlines are sealed by a thick 
Pliocene section and may host considerable hydroca- 
bon accummulations. The area offshore El Arraiche 
remains poorly tested for hydrocarbon accummula
tions but seems to have very good potential.

6. C onclusions

The newly discovered El Arraiche field at the 
Moroccan Atlantic margin, Gulf o f  Cadiz, consists 
o f  8 mud volcanoes o f  varying size and shape just 
below the Moroccan shelf edge. The largest mud 
volcano, Al Idrissi mud volcano, is 225 m high and
5.3 km in diameter, the smallest observed mud vol
cano is only 25 m high and 500 m wide. The mud 
volcanoes seem to be associated with extensional 
faults with quickly varying throw and strike that 
compartmentalize anticlinal ridges. The anticlines 
can be traced regionally and bound extensional basins 
that formed during the Late Miocene.

The El Arraiche mud volcano field is part o f  a 
larger cluster o f  mud volcanoes (the Spanish Moroc
can Field, Gardner, 2001) that lie within the accre
tionary realm but outside the active olistostrome units. 
This distinction is clear on regional seismic lines 
(Gracia et al., 2003; Medialdea et al., 2004) but it 
also has bearings on the composition and the size o f  
rock clasts in the mud volcanoes (Akhmanov et al.,
2002). As other mud volcanoes in the Gulf o f  Cadiz 
(Somoza et al., 2002), the El Arraiche mud volcanoes 
are long-lived structures thought to be related to the 
episodic migration o f  hydrocarbons. Onset o f  mud 
volcanic activity in the El Arraiche field is estimated 
at about 2.4 Ma. Since the Upper Pliocene, episodic 
expulsion o f  liquidized sediment created vertical piles 
o f extruded mud o f  up to 500 m thick.

The occurrence o f  large mud volcanoes bears wit
ness o f  continued overpressure generation at depth, 
either by in situ oil and gas generation or by focussed 
flow and accumulation in the area. The activity o f  the 
mud volcanoes is indicated by the thickness o f  hemi- 
pelagic sediments covering extruded mud breccia, the
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occurrence o f  seep-typical fauna, the degree o f  mixing 
between thermogenic and biogenic hydrocarbons, or 
the depth o f  the sulphate reduction zone. These indica
tions give variable results. Gemini West and Al Idrissi 
mud volcanoes are most active, as they lack a hemi- 
pelagic sediment drape, feature a shallow sulphate 
reduction zone, high concentrations o f  methane, and 
living Pogonophora worms. The ratio o f  methane con
centration over the concentration o f  higher homologues 
gives a biogenic gas source in case o f  the Al Idrissi mud 
volcano and a thermogenic signature for the Gemini 
West crater. The eastern twin crater, Gemini East, was 
the least active, covered by 12 cm o f hemi-pelagic mud. 
Given its structural setting and the evidence o f  thermo
genic hydrocarbons, the area has promising hydrocar
bon potential but remains untested.
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[i] The El Arraiche mud volcano field consists of eight mud volcanoes up to 255 m high 
and 5.4 km wide, located in the Moroccan margin of the Gulf of Cadiz at water 
depths between 700 and 200 m. Available data include detailed swath bathymetry over the 
entire area, dense grids of high-resolution seismic data, very high resolution deep tow 
subbottom profiles, side scan sonar mosaics over the major structures, selected underwater 
video lines, and sediment samples. The main morphological aspects of the mud volcanoes 
are, from the margin toward the center, a subsidence rim or moat, the mud volcano 
slope, in some cases a deep crater, and a recent central mud dome at the top. The slope is 
characterized by radial outward sediment flow deposits or by a concentric pattern of 
terraces and steps. The sediment flow deposits can be divided into elongate outflows that 
accumulate at the base of the slope and short bulky outflow deposits that freeze on the 
steep slope. The crater hosts extruded sediment ranging from fluidized sand to mud 
breccia with centimeter- to meter-sized rock clasts issued from several vents within the 
crater. The concentric slope terraces and the central mud dome are interpreted to result 
from several phases of uplift caused by sediment intrusion or shallow diapirism. The 
mud volcano growth is thus interpreted to result from a combination of extrusive and 
intrusive processes.
Citation: Van Rensbergen, P., D. Depreiter, B. Pannemans, and J.-P. Henriet (2005), Seafloor expression o f sediment extrusion and 
intrusion at the El Arraiche mud volcano field. G ulf o f  Cadiz, J. Geophys. Res., 110, F02010, doi.10.1029/2004JF000165.

1. In tr o d u c t io n

[2] The El Arraiche mud volcano field (Figure 1) was 
discovered in May 2002 in the Moroccan Atlantic margin 
in the Gulf o f  Cadiz [Van Rensbergen et al., 2005], It 
consists o f  eight mud volcanoes o f  varying size and shape 
just below the shelf edge (Figure 2). The largest mud 
volcano in the field (Al Idrissi mud volcano) is 255 m 
high and 5.4 km wide. The 2002 surveys by the RV 
Belgica and the RV Logachev yielded detailed swath 
bathymetry over the entire area, dense grids o f  high- 
resolution seismic data, very high resolution deep tow 
subbottom profiles, side scan sonar mosaics over the major 
structures, selected video lines, TV grabs, dredge samples 
and gravity cores.

[3] The large amount o f  sea floor data and the clear 
shape o f  the larger mud volcanoes prompted this paper to 
focus on the morphology o f  the mud volcano cones. 
Although mud volcanoes are prominent features in the 
submarine seascape [see K opf and Behrman, 2000, and 
references therein], little attention has yet been given to 
their sm all-scale morphology. Morphological mapping 
using high-resolution multibeam bathymetry offshore, or 
satellite altimetry onshore, has only becom e widely  
available during the past decade. Previously, submarine

C opyright 2005 by  the A m erican  G eophysical Union.
0 148-0227/05/2004JF000165309.00

mud volcanoes were imaged using side scan sonar 
mosaics and single beam bathymetry. The imaging reso
lution o f  deep towed side scan sonar systems is often an 
order o f  magnitude better than that o f  a hull-mounted 
multibeam system, but the impact o f  acoustic properties 
o f  the sediment and o f  the acquisition direction on the 
imaging makes it often difficult to interpret morphological 
information.

[4 ] Mud volcanoes in their broadest sense refer to any 
extrusion o f  mobilized sediment. Included are (1) mud 
volcanoes sensu strictu that are eone shaped with central 
vents, (2) mud mounds or ridges that are positive features 
without vent structure, and (3) mud pools that are 
negative features [Brown, 1990], This morphological var
iation is related to the variation o f  fluid content [Shih, 
1967], sediment properties and the width o f  the feeder 
system [Kopf and Behrman, 2000]. The feeder system  
may vary from narrow feeder pipes (diatremes) [Brown, 
1990] that channel fluids and fluidized sediment to wide 
areas with bulk movement o f  plastic mud [Deville et al.,
2003], Mud volcanoes sensu strictu are often considered 
as a sedimentary analog o f  stratovolcanoes, built by 
stacked sediment flows issued from a central crater or 
subsidiary vents at the flanks [e.g., Dimitrov, 2002], In 
that case, outflow lenses accumulate as wedge-shaped 
deposits, thinning away from the feeder area, and build 
a mud volcano eone. The crater area is a low-relief area 
formed by collapse after expulsion o f  fluids and possibly

F02010 I o f  13
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Figure 1. Geological setting o f  the El Arraiche mud volcano field, south in the Gulf o f  Cadiz (modified 
after Maldonado et al. [1999], Somoza et al. [2003], and Pinheiro et al. [2003]).

by subsidence because o f  sediment removal. As in the 
case for magmatic volcanoes [Annen et al., 2001], the 
morphology o f  mud volcanoes sensu stricto is largely 
attributed to extrusion processes whereas the effect o f  
intrusive processes remains unclear. High-resolution seis
mic profiles provide little information about the internal 
structure o f  a large mud eone, due to acoustic blanking.

We can in this case only deduce formation processes from 
the information available at the surface.

2 . G e o lo g ic a l B a c k g r o u n d

[5] In the Gulf o f  Cadiz, over 30 mud volcanoes have 
been sampled since they were first discovered in 1999
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Figure 2. Three-dimensional morphology o f  the El Arraiche mud volcano field derived from multibeam 
bathymetry. Al Idrissi is the largest mud volcano, 255 m high and 5.4 km in diameter. Don Quichote 
(DQ) and Lazarillo de Tormes (LdT), the smallest mud volcanoes, are only about 25 m high.
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Figure 3. General high-resolution seismic line (sparker source) over Al Idrissi, Fiuza, and Gemini mud 
volcanoes. On the seismic sections the mud volcanoes are reflection-free zones. At their flanks, mud flow  
deposits interfinger with stratified sediments. The inset shows a detail o f  interfingering mud flows that 
accumulate in moats at the base o f  the Fiuza mud volcano eone.

[Gardner, 2001; National Geographic, 2002]. Most occur 
in the central part (Figure 1) [Somoza et al., 2003; Pinheiro 
et al., 2003] where large Miocene, densely faulted olistos
trome units occur close to the sediment surface [Maldonado 
et al., 1999]. The El Arraiche mud volcano field is located 
in the Moroccan Atlantic continental slope in water depths 
ranging from 200 m to 700 m. In contrast to the central mud 
volcano fields, the El Arraiche field is located over a large 
extensional Pliocene basin between regions o f  olistostrome 
emplacement (Figurel) [Flinch, 1993; Flinch et al., 1996; 
Gràcia et al., 2003], Within the Pliocene basin, the El 
Arraiche mud volcanoes occur over anticlinal ridges where 
the Pliocene plumbing system is thinnest and extensional 
faulting facilitates fluid and sediment injection into the 
overburden [Van Rensbergen et al., 2005], On seismic 
sections (Figure 3), the mud volcanoes are imaged as a 
columnar zone without acoustic penetration, about the 
width o f  the mud volcanic eone. Large sediment flows 
emerging from this central zone are also free o f  reflections, 
but show a sharp transition to the stratified hemipelagic 
sediment. These sediment flows are typically lens shaped, 
convex at the top and often fill a moat at the base o f  the mud 
volcano. The earliest sediment flows occur just above a 
regional unconformity, about 350 m and 900 m below sea 
level, attributed to a sea level low at 2.4 ma [Hernández- 
Molina et al., 2002; Van Rensbergen et al., 2005]. Since this 
time successive episodes o f  mud volcanism created a pile o f  
remolded mud o f  over 400 m thick.

3 . D a ta  a n d  M e th o d s

[ó] The multibeam survey on board R/V Belgica used a 
Kongsberg EM 1002, extended with a deep water module. 
Maximum sailing speed was 6 knots, with a swath width o f  
750 m in shallow water (<500 m) and limited to 500 m in 
deep water to reduce signal deterioration and noise. The 
acquired data were corrected and cleaned with the Kongs
berg packages Merlin and Neptune. The footprint at 400 m

is 15 m X 15 m. In total, 700 km2 were covered. In addition, 
a total o f  62 high-resolution seismic profiles were acquired 
in three dense grids with a line spacing o f  about 1 km 
centered on the Mercator, Al Idrissi and Gemini mud 
volcanoes [Van Rensbergen et al., 2005].

[7] During the TTR 12 survey, side scan sonar imagery 
over the main features was acquired using the deep-towed 
hydroacoustic complex Mak-1, with an operating frequency 
o f  30 kHz, and a subbottom profiler operating at 5 kHz. On 
the basis o f  the side scan sonar data, six transects were 
chosen for a deep-towed video line, for a total o f  15 hours. 
On the basis o f  the video lines, TV-guided grab samples 
were taken. Dredge samples o f  mud breccias at the surface 
were taken on Mercator and Al Idrissi mud volcanoes. In 
the craters o f  the main mud volcanoes (Mercator, Al Idrissi, 
Gemini, and Fiuza) the subsurface was sampled by gravity 
cores. Four additional box cores are also available from the 
R/V Belgica survey.

[s] From the eight mud volcanoes in the cluster, four (Al 
Idrissi, Mercator, Gemini and Fiuza) are studied in detail by 
combining multibeam, side scan sonar and sedimentological 
data. For a better visualization, slope angle and curvature 
(second derivative o f  z in x and y)  were calculated on basis 
o f the three-dimensional bathymetry. The curvature function 
calculates isobath curvature on a map view and distin
guishes between convex and concave shapes. It is a good 
tool to map sediment flow deposits as they stand out as 
elevations (convex) on the slope. The sedimentary facies 
within the crater and on the upper slopes were described 
from underwater video lines calibrated by core, dredge and 
grab samples.

4 . D a ta  D e sc r ip t io n  a n d  I n te r p r e ta t io n

[ 9]  The morphology o f  the mud volcanoes in the El 
Arraiche field consist of, from base to top: a moat around 
part o f  the base o f  the mud volcano eone, an irregular 
slope characterized by radial outward sediment flows,
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name
Water 

depth top
(m)

Height (m)
Slope Crater Crater’s central dome Moat

Width base 
(km)

Width top 
(km)

Overall 
angle (°)

max depth
(m)

Height
(m)

Diameter
(km)

Radius
(km)

Max depth 
(m)

Quadrant

Al Idrissi 197 111-255 4.3 - 5.4 1.2-1.5 5 -8 17 1 4 -4 2 1 .9 -2 .3 2.85 16 •
M ercator 350 5 1 -141 2.45-1 .82 0.98-1.1 5.5 - 10 2 2 2 -3 8 0 .65 -0 .8 1.3 9 •

Gemini
W

423 170-252

4 .1 -2 .3

1.1

V)OOVIvi No crater 23-27 0.52-0 .87 1 .5 - 1.9 12 •
Gemini E 423 117-169 0.95-1 .3 5 -10.5 No crater 1 3 -2 3 0 .7 -0 .8 7 0.95-1 .25 3 •

Fiuza 393 97 -143 2 .9 -2 .1 0 .75 -0 .8 6 -1 0 No crater 27

Ö1v>Ö

1.1 —1.6 36 $
F igure 4. General morphological characteristics o f  the main mud volcanoes o f  the El Arraiche field.

terraces and/or depositional sediment flow escarpments 
(lobe fronts), a crater depression or a flat top, and a 
central dome. Figure 4 gives an overview o f the measures 
o f these main morphological aspects for the mud volca
noes discussed in this paper. More detailed measurements 
are listed in Table 1 to avoid lengthy descriptions in the 
next paragraphs.

4.1. Al Idrissi M ud V olcano
[io] Al Idrissi mud volcano is the largest and shallowest 

mud volcano in the field, situated just below the shelf edge 
(Figure 5). It is up to 255 m high and 5.4 km in diameter. 
It has a well-developed crater (—17 m) and large central 
dome (42 m) within the crater. Numerous sediment flow  
deposits characterize the flanks o f  the mud volcano 
(Figure 5a) and extend from the crater to the moat at the 
base. The moat is up to 16 m deep and has a radius o f  
about 2.85 km. On side scan sonar data, high-backscatter 
sediment flow deposits contrast sharply with the low- 
backscatter sea floor (Figure 5b), except at the southeast
ern side o f  the volcano where the backscatter intensity 
weakens probably due to a thickening hemipelagic cover. 
The contrast in backscatter distinguishes erupted sediment 
from the hemipelagic slope sediments. Sediment extrusion 
is well constrained to the semicircular eone. There are no 
distant outrunners observed. The radial pattem o f  down 
slope sediment flows is clearly visualized by the curvature 
function (Figure 5c).

[u] Two types o f  sediment flow deposits can be distin
guished: elongated sediment flow deposits that extend to the 
foot o f  the slope (type 1) and short bulky sediment flow  
deposits that occur on the steeper parts o f  the slope (type II). 
Type I sediment flow deposits are up to 2.5 km long and 
accumulate at the foot o f  the slope in a fan or drop-shaped 
termination. Their distal part is often captured and deflected 
by the erosional moat. They have an even texture on side 
scan sonar indicating a smooth surface without flow fronts. 
The slope has a concave profile with an increasing slope 
angle o f  0 .5 ° -7 °  at the base to 12°-14° near the top 
(Figure 5d). Type II sediment flow deposits occur mainly 
at the western slope in a somewhat tongue-shaped area 
with irregular relief. They do not extend downward to 
the base o f  the slope. The depositional lobes have a 
very steep and high depositional fronts (<14°). The

resulting slope is irregular but with a constant overall 
angle o f  about 8°.

[12] The crater and the top o f  the slope o f  A l Idrissi mud 
volcano (Figure 6) were surveyed with underwater video 
lines and sampled by gravity cores, box cores and dredges. 
Within this area two sedimentary facies can be identified; 
AI-1 and AI-2. Facies AI-1 is a coarse, pebbly sand with 
some patches o f  small stones (<10 cm) that covers most o f  
the crescent-shaped crater depression and the central eone 
within the crater (Figure 5e). Core 4 1 1G and box cores BÍ 
and B2 (location in Figure 6b) at the top and at the northern 
flank o f  the central dome reveal that the sandy layer is only 
3 - 5  cm thick with a sharp and irregular limit separating it 
from mud breccias. In core 4 1 1G (Figure 7) this mud 
breccia is a stiff, structureless clay with clay stone clasts 
up to 1 cm. Facies AI-2 is the main facies on the slopes 
within and around the crater and is very heterogeneous. 
Stones litter the surface, with sizes ranging from 1 -  2 cm to 
more than 50 cm. Clast distribution ranges from areas 
featuring virtually no stones, strongly resembling AI-1, to 
true piles o f  blocks. A dredge over AI-2 at the upper 
western slope showed that the stones have a wide variety 
o f lithologies, from cemented limestone to sandstone. On 
the southeast slope, prominent features o f  facies AI-2 are 
smoothed by a drape o f  dark green mud. Facies AI-2 and 
AI-1 are interpreted as material that was brought to the 
surface by mud volcanic extrusion, with possible reworking 
and redistribution o f  sediment within the crater. The crater 
sedimentology contrasts strongly with the background sed
iment, which was retrieved in box core B3 (Figure 5e), 
north o f  Al Idrissi at 415 m water depth and consists o f  a 
homogenous light brownish oxidized mud (silty clay).

[13] Sediment extrusion in the crater is imaged in detail 
using the curvature function in combination with side scan 
sonar (Figure 6a) and sedimentological data from video 
lines and sea floor samples (Figure 6b). Sediment flows 
within the crater were erupted from at least three individual 
vents. Vents are interpreted to be present at the common 
origin o f  radial sediment flow deposits, often a rounded 
elevation. Sediment flows from vent A and B are associated 
with the rocky sediment facies AI-2 and display a series o f  
flow fronts on side scan sonar images that are below the 
resolution o f  the multibeam system. The sandy facies AI-1 
is associated with flows from vent C at the top o f  the central
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dome. Most likely, fluidized sand spread out from the top to 
the deepest part o f  the crater depression. The sand layer is 
only 3 - 4  cm thick and it is unlikely that it formed the 
observed convex sediment flow deposits, which has meter- 
scale relief. Therefore it is interpreted to postdate earlier 
mud breccia extrusion at vent C.

4.2 . M ercator M ud V olcano
[14] Mercator mud volcano is an asymmetric mud volcano 

(Figure 8), about 140 m high at the southern side but only 
90 m high at the northern side and only 50 m high at the 
eastern side. The crater is very shallow (—2 m) but the 
central dome is large (38 m). In this case, the slope is 
characterized by concentric steps rather then by radial 
sediment flow deposits.

[15] The concentric pattern is mainly caused by two 
terraces at the southern flank o f  the mud volcano 
(Figure 8). These terraces are almost horizontal (slope 
2 ° -3 ° )  separated by high steps that continue laterally for 
up to l.5 km. The overall slope o f  the southern flank is 
about 7°. The upper slope has a high backscatter on side 
scan sonar data that is not related to the step-like morphol
ogy but probably caused by lithology or surface roughness. 
Flow fronts on the side scan sonar image coincide with 
short convex deposits that may be attributed to type II 
sediment flows. These sediment flow deposits are difficult 
to distinguish and do not seem to have a large effect on the 
overall slope morphology.

[16] Type I sediment flow deposits fan out at the base o f  
the western slope (Figure 8). They extend 1300 m from the 
crater edge and accumulated in a base-of-slope deposit. 
Depositional lobes (on the scale o f  the available resolution) 
have a width o f  5 0 0 -6 0 0  m. The depositional slope is very 
low ( l ° - 2 ° )  and there are no steep flow fronts observed. On 
side scan sonar data (Figure 8b), these sediment flow  
deposits have a smooth surface and a low backscatter that 
blends in with the surrounding sea floor. The northern flank 
is a steep regular and smooth surface with a slope o f  about 
10°-13°. An escarpment at the eastern flank could be 
related to a WNW-ESE oriented fault, which would help 
to explain the asymmetry in the morphology. No such fault 
was observed on the subsurface data. The escarpment may 
be due to gravitational instability o f  the southern mud 
volcano flank (G. Ernst, personal communication, 2004), 
but no such indications were observed on the subsurface 
data.

[17] The top o f  the Mercator mud volcano (Figure 9) 
consists o f  a shallow crater (—2 m) and high central dome 
(38 m). At the southern side the crater is absent and only a 
break in slope occurs. The central dome is flat topped with 
an overall slope o f  about 5°. Mud breccia with up to 10 cm 
large clasts crops out at the sea floor at the top o f  the central 
dome. On the basis o f  underwater observations and sedi
ment samples, a generally decreasing thickness o f  the 
hemipelagic mud overlying the mud breccia is observed 
from the flanks toward the top. The hemipelagic sediment 
cover has a thickness o f  8 cm at core 408G (Figure 7). At 
the top o f  the central dome a single vent was identified at 
the origin o f  radial sediment flow deposits within the 
crater. The sediment flow deposits are characterized by 
concentric flow fronts on side scan sonar data that seem  
to culminate in steep slope at the front o f  the depositional
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F igure 5. Morphology o f  the Al Idrissi mud volcano, (a) Shaded relief map. (b) Side scan sonar mosaic 
with bathymetry contours, (c) Curvature o f  mud volcano isobaths, (d) Slope map with bathymetry 
contours, (e) Interpretation map. Numerous sediment flow deposits, characterized by high backscatter and 
convex morphologies, are distinguished on the slopes. They occur in a radial pattern away from the crater 
and accumulate at the base o f  the volcanic eone (type I sediment flows), which results in a steepening, 
concave slope profile. On the western slope, sediment flow deposits accummulated at the slope (type II 
sediment flows) and created a steeper irregular slope profile. See color version o f  this figure at back o f  
this issue.

lobe. These extrusive deposits are also covered by hemi
pelagic mud, except at the top o f  the central dome. The 
most recent extrusion was restricted to the crest o f  the 
central dome, which indicates that extrusive activity has 
been decreasing. This is confirmed by low hydrocarbon 
seepage activity assessed by Van Rensbergen et al. [2005].

4.3 . G em ini and Fiuza M ud V olcanoes
[is] Gemini mud volcano consists o f  two summits in one 

large oval-shaped mud volcano (Figure 10). The Gemini 
mud volcano is about 250 m high, 4.88 km long to 2.5 km 
wide at the base, the diameter at the top o f  the eastern part is
0.9 km and the diameter o f  the western part is 0.6 km. The 
summits consist o f  a flat area with central domes o f  23 m 
and 27 m, respectively, above the flat top. The differentia
tion between the two summits is visible from about 80 m 
below the top o f  the mud volcano as a 400 m long and 20 m 
deep crease.

[19] The morphology o f  the slopes involves semiconcen- 
tric terraces at southern and northwestern flanks, type 1 
sediment flow deposits at the eastern and western sides, and, 
less distinguishable, type II sediment flow deposits at the 
northern slope o f  Gemini East. The semiconcentric steps are 
about 20 m high, have a maximum slope o f  17°, and 
continue laterally for about 1 -1 .4  km. At the northern flank 
o f  Gemini East, the steps are only 500 m wide and may also 
be attributed to type II sediment flow deposits. The side 
scan sonar data show high backscatter and irregular texture, 
similar to the upper slopes o f  the Mercator mud volcano. 
Type I sediment flow deposits are only visible at the eastern 
and western sides o f  the mud volcano. They are character
ized by the fan-shaped deposit at the base o f  the slope, and 
their smooth texture and low-backscatter values on side 
scan sonar data.

[20] The sedimentology o f  the top o f  the mud volcano is 
similar to that o f  the Mercator mud volcano and consists o f

6.62 W 6.60 W
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Figure 6. Crater o f  Al idrissi mud volcano, (a) Convex morphologies mapped over side scan sonar 
image shows the distribution o f  small mud flows issued by vents within the crater, (b) Slope map with 
indication o f  interpreted sediment flow deposits and sedimentary facies from underwater video lines 
distinguishing the different outflow events. See color version o f  this figure at back o f  this issue.

100 ■

c
I  »
O ui

sharp boundary

stiff matrix

claystone clasts 
up to 1 cm

stiff matrix 

claystone clasts

408G
ME-3

404G
GE-2

sharp boundary 
clasts

H2S smell 
clasts

porous matrix 
clasts

clasts up to 3 cm 
In diameter

porous matrix, H2S 
clasts
very stiff matrix 
clasts

very stiff very porous

matrix

405G
GE-3

strong H,S smell 
sharp boundary

lithified and semi- 
lithified angular clasts 
up to 3.5 cm in diameter

very porous clay matrix, 
porosity increasing 
with depth

irregular and 
sharpless boundary

strong H,S smell

lithified and semi- 
lithified clasts

porous matrix

403G

(Oxidized) 
Mud Breccia

Mari with silt and pebbles 

Sand with pebbles
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o f  the cores is indicated in Figure 6 (crater o f  Al Idrissi mud volcano), Figure 9 (crater o f  Mercator mud 
volcano), Figure 10 (for Fiuza mud volcano), and Figure 11 (top o f  Gemini mud volcano). Cores have 
widely varying fluid contents. Inactive mud volcanoes are covered by a hemipelagic drape.
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with bathymetry contours, (c) Curvature o f  mud volcano isobaths, (d) Slope map with bathymetry 
contours, (e) Interpretation map. Mercator mud volcano is an assymetric mud volcano with a smooth 
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deposits, here characterized by a low backscatter, fan out at the base o f  the eone. See color version o f  this 
figure at back o f  this issue.

mud breccia overlain by hemipelagic mud o f  varying 
thickness. Core 404G at the eastern summit (Figure 7) 
reveals 12 cm o f  bioturbated marl (hemipelagic mud), on 
top o f  different layers o f  mud breccias. Core 405G at the 
western summit (Figures 7 and 10e) shows a gray mud 
breccia with a heavy H2S smell without hemipelagic sedi
ment. The surface layer is an oxidized, heavily bioturbated 
mud breccia with centimeter-sized clasts. Figure 11 shows 
the detail o f  the top o f  the mud volcano. Sediment flow  
deposits issued from at least six vents distributed over the 
crestal area were identified. A remarkable observation is 
that the gully that separates both crests is not filled in by the 
extrusive sediment flows.

[21] Fiuza mud volcano is a smaller mud volcano east o f  
Gemini (Figure 10). It is 143 m high, up to 2.9 km wide at 
the base and has a flat top o f  about 800 m wide with a 
central dome o f  27 m high and 5 0 0 -7 0 0  m wide. The flanks 
o f  the Fiuza mud volcano mainly consist o f  radial outward 
type I sediment flows with an overall slope o f  about 6°. At 
the northern flank (overall slope about 9.5°), a 400 m wide 
step with a slope o f  18° may be attributed to a type II 
sediment flow. At the southern flank (overall slope 6.5°) a 
series o f  steps with a slope o f  about 11° resemble the

morphology that typified the Mercator mud volcano. Core 
403G (Figures 7 and 10e) at the top o f  the mud volcano 
retrieved a homogeneous mud breccia covered by 12 cm o f  
pelagic marl. The Fiuza mud volcano is encircled by a moat 
with a maximum depth o f  27 m below the surrounding sea 
floor. The Fiuza mud volcano is too small for its summit to 
image successfully.

S. S y n th e s is  a n d  D isc u s s io n
5.1. E xtrusion  D eposits

[22] In a synthesis o f  our observations (Figure 12) four 
types o f  sediment extrusion deposits could be distinguished. 
Table 2 is a synthesis o f  Table 1 and gives the measured 
minimum and maximum values for each morphological 
element.

[23] 1. Type I sediment flows form elongate concave 
deposits that spread out at the base o f  the slope. The 
smooth, even texture stands out on side scan sonar data, 
also when the backscatter is high. They are characterized by 
low depositional slopes, gentle lobe fronts ( if  any) and a 
long down slope length. As they accumulate at the base o f  
the slope they tend to reduce the overall slope angle and

8 o f  13
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shows the distribution o f  small mud flows within the crater around a single vent at the summit, (b) Slope 
map with indication o f  interpreted sediment flow deposits and sedimentary facies from underwater video 
lines. See color version o f  this figure at back o f  this issue.

create a typical steepening concave slope profile. They can 
be interpreted as debris flows with low yield strength 
[Mulder and Cochonat, 1996].

[24] 2. Type II sediment flows form short irregular flow  
deposits that accumulate on the mud volcano slopes. 
Semiconcentric flow fronts, variable backscatter and irreg
ular texture characterize type II flow deposits on side scan 
sonar data. The depositional slopes are considerably 
steeper and lobe fronts are high. The resulting slope 
profile is irregular with a linear to convex profile. They 
can be interpreted as debris flows with high yield strength 
[Mulder and Cochonat, 1996].

[25] 3. A third type o f  debris flows is restricted to the 
crater area. Several vents at the top and the flanks o f  the 
central dome issue small-scale debris flows but do not 
evolve into large eruptions feeding large down slope sedi
ment flows. This is the most recent extrusion activity at the 
mud volcanoes [Van Rensbergen et al., 2005]. They consist 
o f mud breccia with centimeter- to meter-sized clasts. It is 
not possible to determine whether they are the equivalent o f  
type I or type II sediment flows.

[26] 4. A fourth type o f  sediment extrusion is fluidized 
sand ejection. Fluidization only occurs in cohesionless

sediments and is different from the cohesive mud breccia 
flows. Extrusion o f  fluidized sand may account for the 
sand layer at the top o f  the Al Idrissi mud volcano. 
Sand layers were also encountered at the top o f  the 
Kidd mud volcano (Gulf o f  Cadiz) [Gardner, 2001] and 
in the crater o f  the Granada mud volcano [Kenyon et al., 
2000],

[27] The above four types are sediment extrusion fea
tures that shape the surface o f  the mud volcanic eone. The 
processes o f  sediment extrusion and some geomechanical 
aspects have been discussed by Henry et al. [1996] and 
K opf and Behrman [2000] for mud volcanoes respectively 
offshore Barbados and at the Mediterranean Ridge. Both 
manuscripts describe the ascending mud as a low-viscosity 
fluid that is injected along narrow diatremes or conduits. 
The size o f  the clasts it carries to the surface is thought to 
depend on the velocity o f  the liquid mud. Nevertheless, 
our observations provide evidence for the variability in 
extruded sediment (sand to mud breccia with centimeter- 
to meter-sized clasts and varying porosity) within one mud 
volcano. Subsequently, differences in debris flow accumu
lation cause variations in the growth processes from 
widening and flattening o f  the eone (type I flows) to

9 o f  13



F02010 VAN RENSBERGEN ET AL.: SEAFLOOR EXPRESSION OF MUD VOLCANOES F02010

escarpments

35.3 N-

35.28 N-
\ , U

35.26 N-

 1 1----
6.78 W 6.74 W 6.7 W

G e m in i  m v

terraces

403G^>//C

terraces-^'/J 
F iu z a  m v

6.74 W ' 6.7 W6.78 W

Figure 10. Morphology o f  Gemini and Fiuza mud volcanoes, (a) Shaded relief map. (b) Side scan sonar 
mosaic with bathymetry contours, (c) Curvature o f  mud volcano isobaths, (d) Slope map with bathymetry 
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steepening o f  the slopes by cohesive debris flows (type II 
flows).

5.2. Endogenic Processes
[28] Mud volcano growth is not only controlled by the 

obvious exogenic processes but also by less conspicuous 
endogenic processes. According to Brown [1990] and 
Camerlenghi et al. [1995], mud volcano cones are formed 
during last phase mud volcano activity by intrusion o f  
mobilized sediment, after an episode o f  mainly fluid and 
gas expulsion in mud pools. In this study we also observe 
morphological elements that do not appear to correspond 
solely to extruded sediment deposits and may partly result 
from endogenic growth processes.

[29] 1. The elevation o f  the central dome in the crater 
hosts several vents extruding small sediment flows. The 
overall slope o f  the central dome is much less steep than the 
slope o f  the mud volcano flanks. The central domes consist 
o f  mud breccia with varying matrix density. In all mud 
volcanoes o f  the El Arraiche field, the central dome is the 
youngest morphological feature, postdating sediment flows 
on the slopes.

[30] 2. A concentric pattern o f  terraces and steps is 
observed at Mercator, Gemini and Fiuza mud volcanoes. 
The terraces and steps have a large along slope continuity. 
The steps are less high and less steep then the lobe fronts 
created by type II sediment flows. The resultant slope has a 
step-like, concave profile. The typical step-like slope may 
be obliterated later by extrusive sediment flows and may 
evolve into a linear (type II flows) or steepening concave 
(type I flows) slope profile.

[31] The central dome, the concentric terraces and steps 
are most likely not formed by lobes o f  extruded debris flows 
but are attributed here to diapiric phases, possibly followed 
by collapse. Uplift o f  the sedimentary overburden by

diapirism may occur by vertical pressure exerted by a 
buoyant diapiric body and/or by the injection o f  sedimen
tary dykes and sills [Annen et al., 2001]. Mud diapirism 
driven by density reequilibration is likely to occur within 
the mud volcano edifice. Variations in gas and fluid content 
can create large density differences in the mud. For exam
ple, K opf and Behrman [2000] measured mud breccia 
densities o f  mud volcanoes at the Mediterranean Ridge 
ranging between 1200 and 1400 kg m 3 for mousse-like 
silty and sandy clays to 1700-2300  kg m 3 for matrix 
supported mud debris flow deposits. A simple calculation o f  
the possible gravitational compensation using the above 
values indicates that a central dome o f  40 m height has an 
isostatic compensation depth o f  maximum 90 m below the 
top o f  the mud volcano. In other words, buoyancy effects 
within the mud eone can cause internal diapirism, even 
without taking into account the effect o f  elevated fluid 
pressure. Shallow-seated diapirism that extruded mud cones 
at the sediment surface without much sediment fluidization 
(small fluid and gas flux) was documented in Lake Baikal 
and contrasted sharply with neighboring gas and fluid 
expulsion craters caused by a large gas flux [Van 
Rensbergen et al., 2003].

[32] On a larger scale, the same process may occur within 
the 400-m-thick pile o f  remolded sediment that accumulated 
since the onset o f  mud volcanism about 2.4 ma ago [Van 
Rensbergen et al., 2005], The concentric pattern o f  terraces 
and steps may be caused by successive diapiric phases with 
decreasing diameter, each possibly followed by collapse and 
crater formation due to degassing or dewatering. Similar 
terraces on the slope o f  the Ginsburg mud volcano, west o f  
the El Arraiche mud volcano field, were interpreted by 
Gardner [2000] as a diapiric feature.

[33] The occurrence o f  uplift and diapirism in mud 
volcanoes seems contradictory to their common association
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Figure 12. Interpretation drawing indicating the main sediment extrusion and intrusion processes and 
their resulting morphology. The slope morphology is shaped by different types o f  sediment flows and by 
uplift caused by sediment intrusion and diapirism. Within the crater the central dome is attributed to 
diapirism o f low-density mud within the volcanic eone, whereas recent sediment extrusion created small 
debris flows, and fluidized sand flows were issued from secondary vents.

with subsidence rims. Subsidence rims around large mud 
volcanoes are a common feature at the Mediterranean ridge 
[Camerlenghi et al., 1995], in the Gulf o f  Mexico [Prior et 
al., 1989], at the Niger delta [Graue, 2000], and in the Gulf 
o f Cadiz [Somoza et al., 2002]. They are mostly attributed 
to collapse related to volume reduction caused by degass
ing, sediment removal or salt dissolution. However, also 
diapirs are often associated with a rim o f  synformal folding 
[e.g., Weinberg and Podladchikov, 1995; Harrison and  
Maltman, 2003] related to sediment withdrawal. However, 
more important subsidence probably takes place after mud 
volcano or mud diapir activity has ceased and dewatering 
occurs. Well-developed collapse depressions are found over 
abandoned mud volcanoes [Graue, 2000] and “deflated” 
diapirs [Morley and Guerin, 1996]. Somoza et al. [2002] on 
the other hand suggest that the moats are caused by erosional 
currents deflected by the mud volcano eone. In the El 
Arraiche field, the seismic data indeed indicate erosion in 
combination with subsidence. The subsidence rims do not 
evolve into sediment withdrawal synclines but are filled by

mud flows and layered hemipelagic sediments and reappear 
higher in the section at a slightly different position.

[34] Mud volcano feeder pipes were described as a 
network o f  sedimentary dykes by M orley [2003] and Van 
Rensbergen et al. [1999], Dyke intrusions that reach the 
surface create vents. At present, vents seem to be restricted 
to the crater area. At Gemini mud volcano, at least 6 vents 
could be identified over a larger crestal area along an 
ENE-WSW orientation. It remains unclear whether large 
debris flows on the slopes were issued by vents within or 
outside the crater depressions. The observations at Gemini 
mud volcano seem to suggest the latter. Large flows occur at 
the eastern and western flanks in the continuation o f  the 
alignment o f  vents at the crest, and parallel to the mud 
volcano’s long axis, although the eastern and western slopes 
are not the directions o f  highest slope gradient. At the 
Mercator mud volcano, a single large mud flow seems to 
originate directly from the single vent at the crest o f  the 
central dome. At Al Idrissi mud volcano the crater is 17 m 
deep, yet the slopes are entirely covered by sediment flow

T a b le  2. Synthesis o f  the Measurements o f  the Main Morphological Elements o f  the Mud Volcanoes

Overall 
Slope, deg

Steepest 
Slope, deg

Low est 
Slope, deg

M ax. H eight 
Steps, m

M ax. W idth 
(S lope Parallel), m

M ax. Length 
(D ow n Slope), m

Type I elongate m ud flow 5 - 6 8 - 1 0 0 .5 - 5 0 - 2 0 6 0 0 -8 0 0 9 0 0 -2 5 0 0
Type II short m ud flows 8 - 1 0 1 4 -1 8 4 - 6 4 0 - 5 0 4 0 0 -7 0 0 7 0 0 -1 4 0 0
Diapiric uplift? 8 .2 -1 0 .5 1 2 .5 -1 3 2 .5 - 6 3 0 -4 5 4 0 0 -1 5 0 0 entire slope
C ra ter’s central dom e 2 .5 - 5 6 -1 1 0 1 0 -2 5 2 0 0 -7 0 0 w ithin crater
Sand fluidization sand sheet w ithin crater
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deposits. Were vents situated at the outside o f  the crater rim 
or did the crater subside later?

6. Conclusions
[35] The El Arraiche field is a cluster o f  8 mud volcanoes 

situated below the shelf edge at the Moroccan margin. The 
largest mud volcano in the field (AÍ Idrissi mud volcano) is 
255 m high and 5.4 km wide, the smallest we observed is 
only 500 m wide and 25 m high. The morphology o f  the 
mud volcanoes consist of, from base to top: a moat around 
part o f  the base o f  the mud volcano eone, an irregular slope 
characterized by radial outward sediment flows, terraces 
and/or depositional sedim ent flow  escarpments (lobe 
fronts), a crater depression or a flat top, and a central dome.

[30] On basis o f  the observations we conclude that these 
large cone-shaped mud volcanoes result from a combination 
o f  intrusive and extrusive processes. Sediment flow deposits 
on the slopes range between two end-members. Flows with 
low yield strength (type I) extend to the base o f  the slope 
and create a steepening convex slope profile with a low  
overall slope angle (5 ° -6 ° ) .  Flows with a high yield  
strength freeze on the steep slope and create an irregular 
slope profile with almost constant slope angle (8 °-1 0 °). 
Within the crater, several vents issue fluidized sand and 
small debris flows that consist o f  mud breccia with centi
meter- to meter-sized clasts in a mud matrix. The extrusive 
sediment flows shape the surface o f  the mud volcano but in 
this study we also observe morphological elements that do 
not appear to correspond solely to extruded sediment 
deposits and may be partly result from sediment intrusion 
processes. The flat-topped central dome and the concentric 
pattem o f  continuous terraces and steps on the slope are 
interpreted to result from different phases o f  uplift by 
sediment intrusion, each possibly followed by collapse 
due to degassing or dewatering. Intrusive processes may 
involve shallow-seated diapirism caused by density reequi
libration within the thick pile o f  remolded mud volcano 
sediments or uplift and volumetric expansion by injection o f  
sedimentary dykes.

[37] A ck n o w led g m en ts. T h e  B elg ica  su rvey  w as  p a rt o f  the 
C A D IPO R  project, funded by  the G O A  pro ject Porcupine-B elgica. The 
survey during  TTR 12 w as funded by a  FW O  research grant to PVR. PVR 
is funded by  FW O -Flanders. DD is funded by IWT. T he technical and 
scientific crew  o f  R /V  B elgica and R/V Logachev are gratefully  acknow l
edged. Keith Lew is and Luis Pinheiro provided valuable com m ents in their 
review s for JGR.
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Figure 5. Morphology o f  the AÍ Idrissi mud volcano, (a) Shaded relief map. (b) Side scan sonar mosaic 
with bathymetry contours, (c) Curvature o f  mud volcano isobaths, (d) Slope map with bathymetry 
contours, (e) Interpretation map. Numerous sediment flow deposits, characterized by high backscatter and 
convex morphologies, are distinguished on the slopes. They occur in a radial pattern away from the crater 
and accumulate at the base o f  the volcanic eone (type I sediment flows), which results in a steepening, 
concave slope profile. On the western slope, sediment flow deposits accummulated at the slope (type II 
sediment flows) and created a steeper irregular slope profile.
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Figure 6. Crater o f  AÍ idrissi mud volcano, (a) Convex morphologies mapped over side scan sonar 
image shows the distribution o f  small mud flows issued by vents within the crater, (b) Slope map with 
indication o f  interpreted sediment flow deposits and sedimentary facies from underwater video lines 
distinguishing the different outflow events.

35.24

35.23

B
1—

6.6 W

flows at upper slope 
Ná

7 o f  13



F02010 VAN RENSBERGEN ET AL.: SEAFLOOR EXPRESSION OF M UD VOLCANOES F02010

35 31 N-

35.3 N-

35 29 N-

>

-i-------------- 1----------- r
6.66 W 6.65 W 6.64 W 6.66 W 6.65 W 6.64 W

hinge

6.66 W 6.65 W 6.64 W

tv-line 

•  samples 

V ////A  slope areas 

I I elongate mud flows (type I) 

□  central dome area 

I I flat areaste rraces

m oat

I i i “  1------ 1-------------1------
6 .66  W 6 .65  W 6.64 W 6.66 W 6.65 W 6.64 W

Figure 8. Morphology o f  the Mercator mud volcano, (a) Shaded relief map. (b) Side scan sonar mosaic 
with bathymetry contours, (c) Curvature o f  mud volcano isobaths, (d) Slope map with bathymetry 
contours, (e) Interpretation map. Mercator mud volcano is an assymetric mud volcano with a smooth 
northern slope and concentric steps at the southern slope. Only at the western slope, type I sediment flow  
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contours, (e) Interpretation map. Gemini mud volcano is a large oval-shaped mud volcano with two 
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Figure 11. Crater o f  Gemini mud volcano, (a) Convex morphology mapped over side scan sonar image, 
(b) Slope map with indication o f  interpreted sediment flow deposits and sedimentary facies from 
underwater video lines. Up to seven vents have been identified at both summits. At the western summit, 
mud flow extrusion occurred recently.
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Geophysical evidence of gas hydrates in shallow  
submarine mud volcanoes on the Moroccan margin
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[i] Gas hydrates inside mud volcanoes have been observed in several locations but are 
generally found at water depths of 1000 m and deeper. We present the first observation 
of the base of a gas hydrate stability zone within a shallow mud volcano in the El 
Arraiche mud volcano field on the Moroccan Atlantic margin. The mud volcano base is 
located at about 475 m and is over 125 m high. On high-resolution seismics we observed an 
anomalous but coherent reflection under the slopes of the mud volcano. The event was 
interpreted as the base of a gas hydrate stability zone because of its inverse polarity and its 
morphology. Far from the crater, the event is nearly parallel to the seafloor. Closer toward 
the crater, the event shallows. Inside the mud volcano crater, no event is observed. A 
stability model using thermogenic gas compositions is applied to local P-T conditions, 
indicating that thermogenic gas hydrates can be stable at this depth. The high modeled 
heat flow in the crater of the mud volcano indicates a focused flow of warm fluids.
Below the slopes of the mud volcano, the inferred heat flow is also elevated but less 
high. In areas of thermogenic gas production, gas hydrates can occur at shallow water 
depths, even in areas with high heat flow. This also suggests that dewatering of the 
accretionary wedge complex is mainly focused along fault surfaces and through seafloor 
structures, such as mud volcanoes.
Citation: Depreiter, D., J. Poort, P. Van Rensbergen, and J. P. Henriet (2005), Geophysical evidence o f  gas hydrates in shallow  
submarine mud volcanoes on the Moroccan margin, J. Geophys. Res., HO, B 10103, doi: 10.1029/2005JB003622.

1. Introduction
[2] Gas hydrate is an ice-like crystalline substance, con

sisting o f  a cage structure o f  water molecules with trapped 
methane or other light gases inside. Gas hydrates are stable 
under well-described P-T  conditions [Sloan, 1998a, 1998b] 
and adequate gas concentrations [Xu and Ruppel, 1999]. 
The distribution o f  gas hydrates on continental margins is 
widespread [Ginsburg and Soloviev, 1998; Kvenvolden,
1998]. Stability o f  hydrates on margins is a very actively 
studied topic in regard to triggering sediment mass wasting 
through gas hydrate decomposition [Bouriak et al., 2000; 
Pauli et al., 2003], Gas hydrates are also regarded as an 
important potential economic target [Collett, 2002; Gupta,
2004] and their destabilization may have a large impact on 
global change [Kvenvolden, 1993; Jacobsen, 2001; Kennett 
et al., 2000; Kopf, 2003],

[3] Gas hydrates in seafloor sediments occur within a 
restricted zone, the gas hydrate stability zone (GHSZ). The 
base o f  the GHSZ is often recognized as a bottom simulat
ing reflection (BSR) on seismic data, since it mimics the 
seafloor in areas o f  a stable and constant local heat flow. 
The BSR is characterized by an inverse polarity o f  the 
seismic signal, originating from the presence o f  free gas 
trapped below the hydrate stability zone [e.g., Bangs et al.,

C opyright 2005 by the A m erican G eophysical Union.
0148-0227/05/2005JB 003622S09.00

1993; M acKay et al., 1994; Holbrook et al., 1996]. Since 
the thermal gradient defines the lower boundary o f  the 
GHSZ, an elevated local heat flow will thin the GHSZ. In 
that case, the base o f  the GHSZ, expressed as a crosscutting 
reflection, can locally intercept with the seafloor reflection, 
for example, in gas hydrates associated to mud volcanoes or 
gas seeps [De Batist e t al., 2002; Van Rensbergen et al., 
2002],

[4] Submarine mud volcanoes (MVs) are seafloor struc
tures with positive topography from which mud, fluid, and 
gas emanate [Hedberg, 1974]. Their distribution is mainly 
confined to areas with compressive tectonic activity, vertical 
compression due to sedimentary loading (burial) and gen
eration and accumulation o f  hydrocarbons leading to over
pressure [Dim itrov, 2002a; K o p f  2003], The general 
mechanism for their formation is related to a combination 
o f the rise o f  overpressured liquefied clays toward the 
surface and the hydrofracturation o f  the overburden which 
opens a feeder pipe. The mobilized material pierces the 
overburden to expel a mixture o f  mud, fluids and gases 
along with brecciated rock derived from the overburden, the 
mud breccia.

[5] Gas hydrates inside mud volcanoes have been ob
served in several locations [Dimitrov, 2002a], but are 
generally found at water depths o f  1000 m and deeper, 
e.g., on the Norwegian-Barents-Svalbard margin [Ginsburg 
e ta l.,  1999], the Gulf o f  Cadiz and on the Moroccan margin 
[Gardner, 2001; Mazurenko et a l., 2002], the eastern
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Ginsburg

nautical miles

Figure 1. Gulf of Cadiz and NW Moroccan margin. Mud 
volcanoes and diapiric structures are indicated by triangles. 
Solid triangles are mud volcanoes mentioned in the text. 
DPM (Deep Portugese Margin) [Pinheiro et al., 2003], 
TAS YO and GDR (Guadalquivir Diapiric Ridge) [Somoza 
et al., 2003], SPM (Spanish-Moroccan Field) [Gardner, 
2001], E A (El Arraiche field) [Van Rensbergen et al., 
2005a]. The location of Figure 2 is indicated by the dotted 
box.

Larache
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Mediterranean ridge [Robertson et al., 1996], the Black Sea 
[Soloviev and Ginsburg, 1994; Dimitrov, 2002b; Bohrmann 
et al., 2003], the Caspian Sea [Huseynov and Guliyev, 2004] 
and on the Barbados accretionary wedge [A lo is i et al., 
2002],

[ó] In this paper, we present a reflection event within a 
mud volcano found in the El Arraiche mud volcano field on 
the Moroccan margin. The mud volcano is about 125 m 
high and its crater is situated at a depth of about 350 m 
below sea level (bsl). We will map the distribution of this 
event and calculate the local heat flow pattern, the results of 
which plead for the occurrence of hydrates of thermogenic 
hydrocarbon gases in this shallow location and the event to 
be the base of a GHSZ.

2. Regional Setting
[7] The Gulf of Cadiz is situated between 9°W to 6°45'W 

and 34°N to 37°15'N (Figure 1), bounded by the Iberian 
peninsula and Morocco, west of the Gibraltar area. The 
geological setting of the Gulf of Cadiz is extremely complex 
and still under debate [Sartori et al., 1994; Maldonado et al., 
1999; Gutscheretal., 2002], The area is characterized by the 
presence of an accretionary wedge formed by westward 
motion of the front of the Gibraltar Arc (the Betic-Rif 
mountain chain) during middle Miocene. Formation of 
the allochthonous nappes took place during the Tortonian, 
as a consequence of increased subsidence [Maldonado et al.,
1999], The Affican-Eurasian convergence since the Ceno- 
zoic yields a compressional-transpressional tectonic regime, 
reactivating many normal faults and causing widespread

diapirism in the north of the Gulf of Cadiz [Berastegui et al., 
1998; Somoza et al., 2003]. Mud volcanoes in the Gulf of 
Cadiz are associated with these diapiric structures [Somoza 
et al., 2003; Pinheiro et al., 2003]. The main part of the 
olistostrome unit occupies the central part of the Gulf of 
Cadiz as a lobe-shaped structure that extends over 300 km 
into the Atlantic Ocean, its extent seems not well defined yet 
[Maldonado et al., 1999; Somoza et al., 2003; Medialdea et 
al., 2004; Maestro et al., 2003],

[s] The El Arraiche mud volcano field is located on top 
of the accretionary wedge of the Gulf of Cadiz, at depths 
between 200 and 800 m at the NW Moroccan continental 
slope [Van Rensbergen et al., 2005a] (Figures 1 and 2). The 
local structure of the study area is characterized by exten- 
sional tectonics, in contrast to the main part of the Gulf of 
Cadiz. This is expressed as large rotated blocks bound by 
lystric faults that created Plio-Pleistocene depocenters 
[Flinch, 1993, 1996], The extension might be a response 
to the advancement of the allochthonous sheets as was 
reported for the northern Gulf of Cadiz by Medialdea et 
al. [2004],

[9] The mud volcanoes of the El Arraiche mud volcano 
field are positioned above large normal faults that bound the 
rotated blocks and serve as fluid migration pathways, 
fuelling the mud volcanoes [Van Rensbergen et al., 
2005a]. The normal faults are probably superposed on relict 
thrust anticlines [Maldonado et al., 1999] or Triassic salt 
diapiric structures [Berastegui et a i ,  1998; Somoza et a i ,  
2003], The source of the overpressured fluids is believed to 
be located at the base of the accretionary wedge body since 
rock clasts in the mud breccia are reported to be of an age 
up to early Eocene [Ovsyannikov et al., 2003].

[10] Gas hydrates on the Moroccan margin and in the 
Gulf of Cadiz have only been reported from a small number 
of deep-water mud volcanoes: Ginsburg mud volcano 
(1100 m bsl) [Gardner, 2001; Mazurenko et a i ,  2002,
2003], Bonjardim mud volcano (2200 m bsl) [Kenyon et 
al., 2001; Pinheiro et al., 2003] and Capt. Arutyunov mud 
volcano (1800 m bsl) [Kenyon et al., 2003], Casas et al. 
[2003] observed possible BSR features at a subbottom 
depth of 150 ms two-way travel time (TWTT), associated 
with mud volcanoes and diapirs at a water depth of 388 m 
on the Gulf of Cadiz slope. They attributed the hydrate 
stability to elevated pore pressure conditions caused by the 
diapiric intrusions. Reports of a widespread regional BSR 
are not yet made.

[11] The Mercator and Fiúza mud volcanoes are situated 
in the El Arraiche mud volcano field (Figure 2). The 
Mercator mud volcano’s top is at a water depth of 350 m, 
the deepest part of the surrounding moat is about 475 m 
deep. Its diameter is nearly 2.5 km. There is a crater present, 
with a dome form extrusion in the center. The flanks of the 
mud volcano are characterized by a stepped or terrace-like 
morphology. The Fiuza MV is located deeper, with its top at 
400 m and its base around 525 m. All morphological details 
are reported by Van Rensbergen et al. [2005b].

3. Methods and Results
3.1. Seismic Reflection Profiling

[12] The El Arraiche mud volcano field was covered with 
detailed multibeam bathymetry (Kongsberg EM 1002) and
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Figure 2. Bathymetric map of the El Arraiche mud volcano field with indication of major mud 
volcanoes. Inset shows a detail of the Mercator mud volcano with 2-D seismic track lines; bold lines are 
profiles displayed in Figure 3.

high-resolution seismics (80 electrode 500J sparker, 
35 cubic inch Sodera GI gun and the Ifremer Deeptow 
Chirp Sonar system). The seismic data were acquired in 
three narrowly spaced orthogonal grids over three large mud 
volcanoes: Al Idrissi, Mercator, and Gemini MVs. Interpre
tation was executed in the Kingdom Suite seismic interpre
tation software package (Seismic Micro-Technology, Inc.) 
and further handling with the GMT mapping tools [ Wessel 
and Smith, 1991].

3.2. Event Observation
[13] The Mercator and Fiúza mud volcanoes both show 

an anomalous but coherent subbottom reflection, which we 
name the H event (Figure 3). The depth of the H event 
varies from 0 m near the mud volcano crater to over 50 ms 
further away. The presence of any coherent signal is 
unexpected since mud volcanoes are mainly built up by 
an extruded mud-supported breccia, hence lacking any 
internal structure and only a chaotic seismic facies is 
expected. The depth of this event was mapped over the 
Mercator mud volcano, a seismic grid over the Fit/za MV is 
not present.

[14] The seismic signal shows that the H event has an 
inverse polarity in regard to the seafloor reflection (Figure 4). 
The H event only occurs within the mud volcano body and 
does not extend into the layered hemipelagic sedimentary 
environment around the mud volcanoes. Hence it is not a 
crosscutting reflection. Away from the crater, the reflection is

parallel to the seafloor, where it forms a bottom simulating 
reflector (BSR) at a depth of about 50 milliseconds below the 
seafloor. The H event shallows toward the center of the mud 
volcano and intercepts with the seafloor reflection at the edge 
of the crater (Figures 3 and 5).

[15] We introduce the hypothesis that the H event is the 
base of a gas hydrate stability zone. We test this hypothesis 
by modeling the gas hydrate occurrence and deriving the H 
event inferred heat flow in the mud volcano.

3.3. Modeling Gas Hydrate Occurrence
[16] Modeling the hydrate stability zone requires infor

mation on the composition of the hydrate gas, on the bottom 
water temperature and geothermal gradient as well as the 
pore space salinity. Gas hydrates recovered from the nearby 
Ginsburg mud volcano, which is located at a water depth 
of 1100 m, had a composition of 81% of C//4 and 19% of 
C2+ hydrocarbons [Mazurenko et al., 2002], From CTD data 
we know that the seafloor temperature in the area is 10°C 
which is unfavorable for gas hydrate stability. Pore water 
salinity estimates are derived from mud volcanoes from 
the Moroccan margin. [Blinova and Bileva, 2003] reported 
an average chlorinity of 500 mmol L~ . According to 
equation (1), this can be converted to 3.2% salinity, which 
is comparable to ocean water salinity.

S  =  1 .80655[C r] (1)
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Figure 3. (a and b) High-resolution sparker and (c) very high resolution chirp sonar (courtesy Ifremer) 
seismic lines over Mercator MV. The stratified seismic facies at the sides of Mercator MV (Figures 3a and 
3 b) represents hemipelagic sediments. The mud volcano itself has no internal structure; therefore a 
chaotic to transparent facies is observed. The unexpected H event reflector is visible on all profiles, 
Figure 3a is a profile far away from the crater and therefore the event occurs deepest. Figure 3b is a 
profile that passes next to the crater; therefore the H event is shallower near the crater than elsewhere. 
Figure 3c line crosses the crater and shows the H event intercepting the seafloor reflection.

Equation (1) expresses a conversion from salinity to 
chlorinity, with S the salinity and [Cl ] the chlorinity, both 
in parts per million (ppm) [Wooster et al., 1969],

[17] The gas hydrate equilibrium conditions were deter
mined using the program CSMHYD [Sloan, 1998a] for the 
given composition of the gas hydrates and salinity of the 
pore waters. This resulted in the polynomial regression 
equation

\ogP =  a + bT +  cT2 (2)

with parameters a = —0.1929, b = 0.0395 and c = 0.0009, P  
in MPa and T in degrees Celsius, and the regression 
coefficient R2 = 0.998. In Figure 6a, the resulting hydrate 
stability curve is plotted with a seafloor depth of 380 m. The 
hydrate stability curve for pure methane is plotted for 
comparison. This result shows that at this water depth and 
for the given gas composition and seafloor temperature, gas 
hydrates can be stable. For a thermal gradient of 60 mK m 1, 
which is a normal background value for the North Atlantic 
Ocean [Sclater et al., 1980], the depth of the base of the 
GHSZ is almost 100 m deeper than the present observed 
H event (Figure 6a, with H event in Figure 6b).

Figure 4. Inverse seismic polarity of the H event with 
regard to the seafloor reflector.

Inverse Seaflooi

• r" * V « v
!m.V-.' '

R aw  d a ta

Seafloor (flattened) 
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35*

35*

Figure 5. Subbottom depth of the H event in the Mercator 
mud volcano in two-way travel time. The concentric 
shallowing of the H event toward the crater is shown by 
the contours. Background figure is a shaded relief map of 
the Mercator mud volcano (illuminated from west).

[is] Since thermogenic gas hydrates can theoretically 
occur at this location, this supports our hypothesis that the 
H event is the base of a GHSZ. We will map this horizon 
and infer the thermal gradient and heat flow from it.

3.4. Inferred Heat Flow
[19] Bottom simulating reflections have often been used 

to estimate thermal gradients or heat flow [Yamano et al., 
1982]. The calculation assumes that the BSR coincides with 
the three-phase gas hydrate-water-gas vapor boundary, and

consists of the following steps [Vanneste et al., 2003]:
(1) conversion from TWTT to subbottom depth based on 
a velocity model, (2) calculation of in situ hydrostatic and 
lithostatic pressure, (3) derivation of the equivalent three- 
phase gas hydrate equilibrium temperature for these pres
sure values at the inferred BSR depth, and (4) determination 
of the geothermal gradient and heat flow.

[20] A relation between pressure, depth, and time is needed 
for the conversion from two-way travel times to depth and 
pressure values, which are needed for thermal gradient and 
heat flow calculations. Data from Ocean Drilling Program 
Leg 160 (eastern Mediterranean) Site 970 (Milano Dome) 
and 971 (Napoli Dome) [Robertson et al., 1996] shows that 
pebbly mud (holes 970A, 970B, 970D and 971 A, 97IB, 
97ID, 97IE) hasw ave velocities from 1500 to 2000 m s '. 
When averaging over depth for these holes, values around 
1800 m s 1 are retrieved. For nanofossil ooze with sapropels 
(hole 970B), the velocity average is about 1600 m s-1. All 
values refer to the first tens of meters; therefore we assume an 
average velocity for the deposits of the top of the Mercator 
mud volcano of 1800 m s_ . Then, on the basis of a p  wave 
velocity 1.5 km s 1 in water and 1.8 km s ' 1 in the sediment 
and with a density of water pw = 1030 kg m 3 and sediment 
pc = 2300 kg m-3 (based on a ps = 2650 kg m 3 for the 
sediment and ph = 900 kg m 3 for the hydrates [Gei and 
Carcione, 2003], in a 80% sediment to 20% hydrate 
mixture), the two-way travel time of the seismic sections 
was converted to depth (Figure 7a) and pressure (Figure 7b). 
The calculated pressure field at the H event reflector 
displays a nearly concentric pattern around the crater of 
the mud volcano and pressure increases from the crater 
(3500 kPa) to the deepest point (6000 kPa).

[21] On the basis of the thickness of the layer between the 
seafloor and the H event, we reconstructed the thermal

0 5 10 15 20 25 0 5 10 15 20 25
0*

Temperature "C Tem perature °C

O \

Seafloor Seafloor

Gas Hydrate Stability Zone

^-H -event

\  n° ( U o í^ n ,

Gas Hydrate Stability Zone

500Sio.

Figure 6. Theoretical gas hydrate stability graphs for gas composition measured at Ginsburg mud 
volcano [Mazurenko et al., 2002] and pure methane for comparison. Pure methane hydrates are unstable 
in either case, (a) Situation with a background gradient curve of 60 mK m 1 and a bottom water 
temperature of 10°C. Gas hydrates are stable to 140 m below seafloor if gas contains higher-order 
hydrocarbons, (b) Situation for lowest inferred thermal gradient (110 mK m ') in Mercator mud volcano, 
where hydrates with higher-order hydrocarbons are stable up to 60 m bsf.

Mud volcano body outline 
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Figure 7. (a) Depth of the H event in meters in the 
Mercator mud volcano, (b) Calculated pressure at the 
depth of the H event, (c) Calculated thermal gradient and 
heat flow inferred from the occurrence of the H event. 
The thermal gradient and heat flow display a quasi-radial 
pattem around the mud volcano crater, increasing toward 
it. In the crater area, no H event was observed. See color 
version of this figure at back of this issue.

gradient field and the heat flow pattern in the mud volcano. 
Inside the crater, no H event is observed, so the thickness is 
set to 0. The calculation of the thermal gradient field, based 
on the distribution of a BSR, is derived from equation (2) as

with

T  _  - b +  x /b 2 + 4 c ( l o g P - a )

2c  ̂ '

where G, is the temperature gradient, T is the temperature 
(°C) defined by equation (4), Tsf is the temperature at the 
seafloor (C), dhsr is the depth of the BSR in meters below 
seafloor, and P  is the in situ pressure at the BSR in MPa. 
For the conversion from the thermal gradient field to the 
heat flow <f>0 according equation (5), we supposed a thermal 
conductivity k, of 1.1 W K 1 m ', with

= k,G, (5)

and in mW m 2 and G, in mK m '. This value for k, is 
used since it is a typical value for this kind of sediments 
[e.g., Grevemeyer et al., 2004] report k , =  1.17 W K 1 m 1 
for sediments at the Mound Culebra mud dome offshore 
Nicoya Peninsula, Costa Rica). The thermal gradient and 
heat flow values calculated on the mud volcano are cut off 
at 1 K m “ or 1.1W m 2 near the edge of the crater because 
at that location, values move asymptotically to infinite since 
dbsr approaches zero in equation (3).

[22] The inferred heat flow and thermal gradient fields 
show a more or less concentric pattem around the crater 
of the Mercator mud volcano (Figure 7c). The local 
minimal value of the heat flow in the Mercator mud 
volcano is 110 mW m 2 (Figure 6b) and increases to about 
250 mW m 2 craterward. Near the edge of the crater, the 
heat flow quickly rises to 600 mW m “ and then increases 
quickly to 1100 mW m 2 at the crater edge. Within the 
crater, the heat flow cannot be extrapolated because of the 
asymptotical rise of the calculated values toward infinity. 
All we can infer here is that heat flow inside the crater is 
higher than 1100 mW m~2.

3.5. Accuracy Estimate
[23] Each of the steps to calculate the heat flow from a 

BSR occurrence is a source of errors. The error on the 
pressure field at the depth of the H event depends on changes 
in p  wave velocity and density of the mud breccia. If we vary 
the p  wave velocity between 1500 and 2000 m s 1 and the 
density between 1800 and 2300 kg m \  relative errors for 
the pressure vary between about —6.5 and 2%. It is unlikely 
that density will be higher than the value we used for the 
calculations, since porosity, which we assumed to be zero 
and all pores filled by hydrate, will have a bulk density 
decreasing effect. However, because of the logarithmic 
function in the temperature calculation, this error is strongly 
reduced. The most important factor for the thermal gradient 
is the p  wave velocity since it appears in the denominator of 
equation (3). All together, the varying p  wave velocity and 
bulk density induces an overall error on the thermal gradient
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o f+16.3% for a p  wave velocity of 1500 m s ' and —8.2% 
for a p  wave of 2000 m s -1. The influence of a variable 
density is less, and the error values above are the overall 
extremes. An error for k, will further affect the heat flow 
values. If k, is 0.9 W m 1 K ', a value typical for normal 
hemipelagic sediments, this induces an error of about 18%. 
Long-term bottom water changes will affect the heat flow 
pattern according to equation (3). More importantly, they 
can influence the hydrate stability field with bottom water 
warming causing gas hydrate dissociation. Nevertheless, we 
rely on the CTD data and assume that temporal fluctuations 
are small. The overall error on the H event inferred thermal 
gradient is assumed to be no larger than 15% and the error 
on the heat flow no larger than 25%. Another source of 
uncertainty is the gas hydrate composition since the values 
we used were not obtained from in situ sampling. However, 
we assume that source fluids and gases are comparable 
throughout the region and fluctuations are low.

4. Interpretation and Discussion
[24] The H event is recognized as a coherent reflector 

with negative polarity under the seafloor below the Merca
tor mud volcano’s slope. The H event shallows toward the 
mud volcano’s center and disappears in the crater. We 
interpret the H event as the base of a gas hydrate stability 
zone, which is affected in the center of the mud volcano by 
focused fluid flow. We modeled the gas hydrate stability 
zone in this very shallow area by using a gas hydrate 
composition reported for the region. The seismic interpre
tation is supported by the model. Alternative interpretations 
of this seismic event are possible but can be rejected based 
on several issues.

[25] First, the H event may have been covered by a layer 
of rocks and clasts, extruded by the mud volcano. This is 
deemed unlikely since so far, no observations indicate that a 
complete mud volcano surface would be covered with 
extruded clasts or rocks. This suggestion can be rejected 
since it cannot explain the morphology of the seismic event 
(i.e., the shallowing toward the crater) since different mud 
extrusion types as described by Van Rensbergen et al. 
[2005b] cannot produce such a morphology. Second, the 
event might represent a transition to sedimentary deposits 
created during a period of inactivity of the mud volcano. 
This is unlikely as a sedimentary layer would drape the 
whole mud volcano, therefore also the crater area. Third, a 
diagenetic boundary may produce a seismic event in a mud 
volcano. Again, the morphology of such a boundary is hard 
to explain. For all of these propositions, the inverse polarity 
of the seismic signal is also not explained. Thus we 
conclude that the interpretation of the H event as the base 
of a gas hydrate stability zone is the most reliable.

4.1. Focused Fluid Flow in Mud Volcanoes
[20] The Mercator mud volcano exactly shows what 

Ginsburg [1998] proposed in a model concerning hydrate 
stability in mud volcanoes. Therefore, although the Mercator 
MV is not visibly active in a sense that it extrudes 
mudflows, it is inferred to be active as a fluid vent. The 
concentric pattern of the heat flow distribution is a conse
quence of lateral heat diffusion away from the feeder pipe 
[Poort and Klerkx, 2004], Diffusion of gas away from the

feeder pipe is the source of hydrocarbon gases hydrate. 
Hydrates generally occur at continental margins where 
conversion of high inputs of organic carbon or focusing 
of methane bearing fluids supply the hydrocarbon gases 
required for hydrate formation [Davie et a i, 2004], The 
absence of any regional BSR or H event in the surrounding 
hemipelagic sediments could be explained by an insufficient 
methane flux which would be needed for gas hydrate 
formation. A methane flux lower than the theoretical 
methane solubility would also imply the absence of free 
gas. The lack of an acoustic impedance inversion at the 
interface between gas-free and gas-bearing sediments, may 
explain the absence of a widespread regional BSR. This 
would mean that the degassing and dewatering of the 
accretionary wedge in the Gulf of Cadiz mainly happens 
through focused flow along faults associated fluid expulsion 
seafloor structures, and only partly by widespread diffusive 
processes.

[27] The inferred heat flow in the mud volcano, and 
especially in and near the crater, is very high. However, 
literature reports indicate that the calculated result is not 
abnormal for mud volcanoes. Heat flow in active mud 
volcanoes is known to easily rise above 1 W m 2. The best 
know case-study is the Hâkon Mosby MV on the Norwegian 
Margin. The crater of the mud volcano has also thermal 
gradient values of over 1000 mK m 1 [Eldholm et al., 
1999] and even values of over 10,000 mK m 1 have been 
estimated by Vogt et al. [1999] in the mud volcano crater. In 
Lake Baikal, both in situ measured and BSR-derived heat 
flow evidenced elevated heat flow values compared to 
background at the Malenki mud crater [Vanneste et al., 
2003]. Henry et al. [1996] report a steady state surface heat 
flow of 5000 mW m-2 on average in the center of the 
Atalante mud volcano in the Barbados Trough.

4.2. Very Shallow Gas Hydrate Occurrence and 
Significance

[28] Theoretically, gas hydrate occurrence up to 250 m is 
possible when thermogenic gases are involved. In the Gulf 
of Mexico, gas hydrate occurrence has been reported up to 
about 440 m [S<me/i et al., 1999]. Here we now observe gas 
hydrates at a water depth up to nearly 350 m (Figure 5). 
Many shallow hydrate accumulations have been found at 
water depths below 500 m because the hydrates mainly 
consist of methane. The uppermost limit for methane 
hydrate occurrence is about 500 m [Sloan, 1998a]. The 
result in this paper gives an indication that the volume of 
gas trapped as gas hydrate may be much larger than 
formerly thought, since many estimates of gas hydrates 
only account for methane hydrates.

[29] An estimate of the quantity of gas hydrate in the 
Mercator mud volcano was calculated based on the seismic 
data and a gas hydrate volume percentage of 5%. Volume 
percentage estimates for Ginsburg mud volcano were 4 -  
19% [Mazurenko et al., 2003] and at the Hydrate Ridge 
[Trehu et al., 2004] conclude gas hydrates contents up to 
26 vol % at the summit of the ridge and an average of about 
3 -6  vol % in the upper tens of meters of sediments in the 
GHSZ. We also used a gas hydrate density of 900 kg“3 and 
the same velocity estimates as above. This model leads to a 
hydrate quantity between 2.5 Mt hydrate stored in this 
single mud volcano, or with the estimate that 1 m3 contains
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160 m3 of methane, a quantity of 40 x IO8 m3 methane is 
obtained.

5. Conclusion
[30] An anomalous reflection (H event) has been ob

served in shallow mud volcanoes on the Moroccan margin. 
The H event was mapped in the Mercator mud volcano and 
was interpreted as the base of a gas hydrate stability zone, 
based on its inverse polarity and the fact that it mimics the 
seafloor away from the mud volcano’s crater. Inside the 
crater, the H event is absent. This was supported by the fact 
that gas hydrate stability modeling with reported thermo
genic gas compositions, indicated that gas hydrates can be 
stable at this shallow location. BSR inferred heat flow 
showed a concentric heat flow pattern around the crater, 
with a very sharp rise in heat flow near the crater, consistent 
with our interpretation that the gas hydrate layer is affected 
by a focused flow of warm fluid in the crater. Modeled heat 
flow values near the crater edge run-up to 1100 mW m 2 
and must be still higher inside the crater. Although this is 
very high compared to background heat flow values, it is 
not abnormal for mud volcanoes. The absence of a bottom 
simulating reflection in the surrounding sediments may be 
explained by a low regional methane flux through the 
sediments. Consequently, dewatering of the accretionary 
wedge complex is mainly focused along fault surfaces and 
through seafloor structures, such as mud volcanoes.
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Abstract

This paper presents a new cluster o f  carbonate mounds discovered in 2002 in the G ulf o f  Cadiz o ff  M orocco (R/V Belgica 2002) 
in water depths o f  500 to 600 m amidst a field o f  giant mud volcanoes. Multibeam bathymetry, side scan sonar imagery and 2D  
seismics are analyzed to present four mound provinces: (1) the Pen Duick Mound Province on the Pen Duick Escarpment, (2) the 
Renard Mound Province on the Renard Ridge, (3) the Vernadsky Mound Province on the Vernadsky Ridge and the Al Idrisi Mound 
Province on the gas-blanked sediments above the buried Al Idrisi Ridge. Video imagery and surface samples are described to 
ground-truth the different mound areas.

The paradox is that nearly no live corals are presently being observed at the surface o f  the mounds, while the mound cores 
display throughout a high number o f  reef-forming cold-water coral fragments (scleractinians) in association with numerous 
associated fauna formerly inhabiting the econiches provided by the coral framework. Environmental and oceanographic conditions 
during the recent past (glacials/stadials) were probably more favourable for cold-water coral growth.

Pore water analyses in on-mound cores at the south-eastern edge o f  Pen Duick Escarpment give evidence o f  focused, higher 
methane fluxes and sulphate reduction rates on mounds than in the surrounding sediments. Cores from several mounds display 
horizons o f  strong corrosion and dissolution o f  the coral fragments.

A  three-phase model for carbonate mound evolution in these settings is proposed. (1) In a first stage external controls (positive 
oceanographic and environmental conditions, the presence o f  an active planktonic food chain, based on a high primary production, 
and a suitable substrate) are responsible for the initiation o f  cold-water coral growth. (2) Once the cold-water corals established an 
initial framework, sedimentation becomes an important factor controlling mound growth: the cold-water corals baffle the 
sediments. (3) Throughout mound growth, the mound may episodically be affected by diagenetic processes responsible for 
aragonite dissolution and probably carbonate precipitation.
©  2007 Elsevier B.V. All rights reserved.

Keywords: carbonate mounds; cold-water corals; G ulf o f  Cadiz (Moroccan margin); early diagenesis

* Corresponding author. Present address: TOTAL - DGEP/G SR.TG /ISS/CARBBA2022 - CSTJF - Avenue Larribau 64018 Pau Cedex - France. 
Tel.: +33 (0)5 59 83 42  66; fax: +33 (0)5 59 83 66  92.

E-mail address: anneleen.foubert@ total.com (A. Foubert).

0025-3227/$  - see front matter ©  2007 Elsevier B.V. All rights reserved, 
doi: 10 .10 16/j .m argeo.2007.10 .012

ELSEVIER

http://www.elsevier.com/locate/margeo
mailto:anneleen.foubert@total.com


A. Foubert et al. /  M arine Geology 248 (2008) 74—96 75

1. In troduc tion

The presence of cold-water corals with their associated 
ecosystems is widespread along the whole European 
continental margin (Roberts et al., 2006). However, the 
association of these cold-water corals with the build-up of 
recent carbonate mounds was until four years ago only 
well studied in some delineated provinces W of Ireland 
(Henriet et al., 1998; Kenyon et al., 1998; De Mol et al., 
2002; Huvenne et al., 2002). A milestone in the study of 
the role of cold-water corals in mound build-up was IODP 
Expedition 307, which drilled in May 2005 “Challenger 
Mound” in the Belgica Mound Province off western 
Ireland. The mound body consisted of a 155-m-thick 
sequence with cold-water coral-bearing sediments of Plio- 
Pleistocene age (Expedition Scientists, 2005). The 
success of Expedition 307 paved the way for the further 
exploration of the diverse world of carbonate mounds.

An exploratory cruise of R/V Belgica in 2002 off 
Larache (Morocco) has led to the discovery of small 
mounds topping ridges and structural heights, respectively 
on Pen Duick Escarpment, Renard Ridge, Vernadsky 
Ridge and Al Idrisi Ridge (Fig. 1). These mounds are

found amidst 9 giant mud volcanoes: the El Arraiche mud 
volcano field (Van Rensbergen et al., 2005a) (Fig. 1 ). They 
occur in a setting where focused fluid seepage is observed 
(Baraza and Ercilla, 1996; Pinheiro et al., 2003; Somoza 
et al., 2003; Van Rooij et al., 2005). Because of its unique 
setting, the carbonate mound site on the Moroccan margin 
became rapidly involved in a developing stage of focused 
multidisciplinary research. The high amount of data, 
acquired recently in these new mound settings on the 
Moroccan margin, asks for a comprehensive review which 
will be presented in this paper.

In this paper an overview will be given of the co
occurrence of cold-water corals and carbonate mounds 
with mud volcanoes (El Arraiche mud volcano field) 
and active fluid seepage in the Gulf of Cadiz on the 
Moroccan margin. Attention will be paid to the wide
spread extinction of healthy cold-water coral frame
works observed nowadays on the Moroccan margin. A 
three-phase model for carbonate mound development 
will be proposed. This paper can form the stepping stone 
for a comparative study between the mounds on the 
Moroccan margin and global mound occurrences, 
including the mound provinces in Porcupine Seabight,

V ernadsky  R idge
V ernadsky  MP (Fig. 9)mram---------------- *. u

Renard MP (Fig. 8)
M ercato r MV

Renard Ridge

Pen Duick MP (Fig. 3)
G em ini MV

Pen Duick Escarpm ent

Fig. 1. (A) Location of the study area “El Arraiche mud volcano field” (rectangle) on the Moroccan margin. (B) 3D bathymetric map of the study area.
The dashed lines represent the mud volcanoes (MV) and the geomorphological structures. The solid lines indicate the presence of the mound
provinces (MP).
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off Angola and Congo, Mauritania, Brazil, Florida 
Strait, Blake Plateau, Orphan Knoll and many more to 
be unveiled.

2. General setting

2.1. Geological setting

The Gulf of Cadiz is situated west of Gibraltar 
between 9°W to 6°45'Wand 34°N to 37°15'N, enclosed 
by the Iberian Peninsula and Morocco (Fig. 1A). The 
geological setting of the Gulf of Cadiz is complex and 
still under debate (Sartori et al., 1994; Maldonado et al., 
1999; Gutscher et al., 2002). The area is characterized 
by the presence of an accretionary wedge formed by a 
westward motion of the front of the Gibraltar Arc (the 
Betic Rif mountain chain) during the Middle Miocene. 
Formation of a large olistostrome complex (allochtho
nous nappes) took place during the Tortonian, as a 
consequence of increased subsidence (Maldonado et al.,
1999). The African-Eurasian convergence since the 
Cenozoic yields a compressional-transpressional tec
tonic regime, reactivating many normal faults and 
causing wide-spread diapirism in the north of the Gulf 
of Cadiz (Berastegui et al., 1998; Somoza et al., 2003). 
The main part of the olistostrome unit occupies the 
central part of the Gulf of Cadiz as a lobe-shaped 
structure, extending over 300 km into the Atlantic 
Ocean (Maldonado et al., 1999; Maestro et al., 2003; 
Somoza et al., 2003; Medialdea et al., 2004).

The study area, El Arraiche mud volcano field, is 
situated 35 km offshore the north-western Moroccan 
margin, on top of the accretionary wedge of the Gulf of 
Cadiz (Van Rensbergen et al., 2005a). The bathymetry is 
increasing from 200 m to 800 m at the north-western 
Moroccan continental slope. The study area is character
ized by extensional tectonics, in contrast to the main part 
of the Gulf of Cadiz. This is expressed as large rotated 
blocks bound by lystric faults that created Plio- 
Pleistocene depocentres (Flinch, 1993, 1996). In the El 
Arraiche mud volcano field these rotated blocks are 
expressed at the seafloor as two subparallel ridges, 
Vernadsky and Renard Ridges, both with steep fault 
escarpments, as exemplified by Pen Duick Escarpment 
(PDE) on Renard Ridge (Fig. IB). The ridges rise up in 
water depths of about 700 m and stretch to the shelf edge. 
Eight mud volcanoes are clustered around these ridges, 
positioned above large normal faults that bound the 
rotated blocks and serve as fluid migration pathways 
fuelling the mud volcanoes (Van Rensbergen et al., 
2005a) (Fig. IB). The source of the overpressured fluids 
is believed to be located at the base of the accretionary

wedge body since rock clasts in the mud breccia are 
reported to be of an age up to early Eocene (Ovsyannikov 
et al., 2003). The onset of mud volcano activity in the El 
Arraiche mud volcano field is estimated at about 2.4 Ma. 
Since the Upper Pliocene, episodic expulsion of 
liquidized sediment created vertical piles of extruded 
mud up to 500 m thick (Van Rensbergen et al., 2005a).

Geophysical evidence of shallow gas and subsurface 
fluid flow has been reported in the Gulf of Cadiz (e.g. 
Baraza and Ercilla, 1996; Pinheiro et al., 2003; Somoza 
et al., 2003; Depreiter et al., 2005b). Gas hydrates on the 
Moroccan margin and in the Gulf of Cadiz have only 
been reported from a small number of deep-water mud 
volcanoes (Gardner, 2001; Kenyon et al., 2001, 2003; 
Mazurenko et al., 2003; Pinheiro et al., 2003). Depreiter 
et al. (2005b) observed anomalous reflections in the 
Mercator mud volcano and interpreted this as the base of 
a gas hydrate stability zone. Video imagery visualized 
the presence of an active ‘brown smoker’ chimney on 
Mercator mud volcano in a water depth of about 400 m 
(Depreiter et al., 2005b; Van Rooij et al., 2005).

2.2. Oceanographic setting

The present-day oceanographic circulation in the 
Gulf of Cadiz is controlled by the exchange of water 
masses through the strait of Gibraltar and by the in
teraction of Mediterranean Outflow Water (MOW) with 
the Atlantic circulation. The highly saline and warm 
near-bottom MOW flows into the Atlantic Ocean below 
the less saline, surficial Atlantic Inflow Water (AI) that 
enters the Mediterranean Sea (Madelain, 1970; Thorpe, 
1976; Ochoa and Bray, 1991; Baringer and Price, 1999) 
(Fig. 2A).

The AI is composed of North Atlantic Superficial 
Water (NASW) flowing between the surface and a water 
depth around 100 m and North Atlantic Central Water 
(NACW) extending between 100 and 700 m (Caralp, 
1988) (Fig. 2A). The general surface circulation in the 
Gulf of Cadiz is anticyclonic with short-term, meteor
ologically induced variations in the upper layer. It must 
be considered in relation to the north-eastern Atlantic 
circulation and could be understood as the last meander 
of the Azores current. The presence of upwelling re
gions off the northern margin (Ruiz and Navarro, 2006) 
(Fig. 2A), can be explained as the direct result of local 
wind forcing (Garcia-Lafuente et al., 2006).

Below NACW, Mediterranean Water is present. After 
having passed the Strait of Gibraltar, the MOW under
goes a decrease in temperature, salinity and velocity 
caused by its rapid mixing with NACW. It then divides 
into two main cores west of 6°20'W: a Mediterranean
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Upper Core (MU) and a Mediterranean Lower Core 
(ML). The upper core is a geostrophically steered cur
rent following a northward path along the Spanish and 
Portuguese continental margin between 400 and 800 m 
water depth. The lower core is a more ageostrophical 
current flowing at depths between 800 and 1300 m 
(Zenk and Armi, 1990; Baringer, 1993; Bower et al., 
1997). This lower core is influenced by the morphology 
of the slope and divided in three minor branches bet
ween the Cadiz and the Huelva meridians (6°20'-7°) 
(Kenyon and Belderson, 1973; Melieres, 1974; Nelson 
et al., 1999; Hemandez-Molina et al., 2003): (a) 
Intermediate Branch (IB), (b) Principal Branch (PB) 
and a (c) Southern Branch (SB) (Fig. 2A). It has to be 
mentioned that at Cape St. Vincent the undercurrents 
veer northwards and become unstable enough to often 
produce deep anticyclones, called meddies (Bower 
et al., 1995; Sadoux et al., 2000). Hydrological mea
surements in 1999 revealed three eddies in the Gulf of 
Cadiz, displaying substantial interactions: two meddies 
(meddy Christine, S of Cape St. Vincent and meddy

Isabelle close to the Moroccan margin) and a deep 
cyclone, which is coupled with meddy Isabelle as a 
baroclinie dipole (N of meddy Isabelle and SE of meddy 
Christine) (Carton et al., 2002) (Fig. 2A).

North Atlantic Deep Water (NADW) is present below 
the MOW at depths > 1500 m (Fig. 2A) (Ambar et al., 
2002). It flows from the Greenland -Norwegian Sea region 
towards the south.

Recent CTD-measurements and current measurements 
showed that El Arraiche Mud Volcano Field along the 
Moroccan margin is mainly influenced by NACW (with 
temperatures between 11 and 16 °C and salinities between 
35.6 and 36.5 psu) (Fig. 2B). The typical signature of 
MOW is not clearly recorded in the study area but the 
temporarily influence of MOW by meddies cannot be 
excluded (Fig. 2B). Recent measurements with a BOBO- 
Lander of the Netherlands Institute of Sea Research 
(NIOZ), deployed on top of Pen Duick Escarpment, 
showed the relatively weak effect of internal waves and 
tidal currents compared to other mound provinces (SE and 
SW Rockall Trough) (Mienis et al., 2005).
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3. Material and methods

The multibeam bathymetry was acquired with a 
SIMRAD Kongsberg EM 1002, installed on board of R/V 
Belgica during the CADIPOR I and II cruises (“Gulf of 
CADiz — PORcupine Seabight Comparative Study”) in 
2002 and 2005, respectively. The data were recorded with a 
sailing speed of 6 to 7 knots and swath widths ranging from 
ca. 500 m in deep water to 700 m in shallow water. The 
beam angles were generally chosen quite narrow (20 to 
30°), in order to focus the acoustic energy towards the 
relatively large depth below the vessel. A spike filter of 
weak to medium strength was switched on during 
acquisition. The data were corrected and cleaned with the 
Kongsberg packages Merlin and Neptune. The footprint at 
400 m is 15 X 15 m. In total 725 km2 was covered.

High-resolution seismic data were acquired during 
the CADIPOR I and II campaigns (R/V Belgica 2002, 
2005) with an 80 electrode 500 J sparker, 35 in3 Sodera 
GI gun and the Ifremer Deeptow Chirp Sonar System. 
The seismic profiles were digitally recorded using the 
Elies Delph system. Data processing (swell-filter, band 
pass filter, deconvolution and signal amplification) was 
done using Landmark Promax processing software. 
Interpretation and mapping was executed in the King
dom Suite seismic interpretation software package 
(Seismic Micro-Technology, Inc.).

Sidescan sonar imagery (SSS) was collected with the 
MAK-1M deep-towed hydro-acoustic complex on 
board of the R/V Logachev during the TTR-12, TTR- 
14 and TTR-15 cruises in 2002, 2004 and 2005. The 
MAK-1M deep-towed hydro-acoustic system contains a 
high-resolution sidescan sonar operating at a frequency 
of 30 kHz, with a total swath range of 2 km (1 km per 
side) and a subbottom profiler, operating at a frequency 
of 5 kHz. The fish was towed at a constant altitude of 
about 100 m above the seafloor with a speed of 1.5-2 
knots. The positioning of the tow-fish was archived by 
using a short-based underwater navigation system. The 
data were recorded digitally and stored in SEG-Y 
format. A time-variant gain control was applied during 
the acquisition of the data. The processing of the 
collected data (slant-range-to-ground-range (SLT) cor
rection, geometrical correction and smoothing average 
filtering) was carried out on board.

Video imagery was collected during the TTR 12 
cruise with R/V Logachev (TVAT33 and TVAT36) and 
during the CADIPOR II campaign with R/V Belgica 
(c0505-video06) by using a deep-towed frame mounted 
camera. The imagery was recorded on analog tapes, 
converted in digital format and imported in a GIS- 
system (Adélie-GIS 8.3).

6 Hammon grabs (B05-1212, B05-1211, B05-1209, 
B05-1208, B05-1214 and B05-1215), 2 TV-guided 
grabs (AT407Gr, AT406Gr) and 1 dredge (AT574D) 
are used in this study to ground-truth the video material, 
sidescan sonar imagery and multibeam. The samples 
were collected respectively during the CADIPOR II 
cruise (R/V Belgica 2005) and the TTR-12 and TTR-15 
campaigns (R/VLogachev 2002,2005). One Kasten core 
(MD04-2804) was collected during the CADICOR 
cruise in 2004 on board of the R/V Marion Dufresne to 
give insight into the mound structures on PDE. The 
Kasten core was opened and described in detail. Bulk 
samples were taken each 20 cm for macrofaunal analysis. 
Six coral species from the top of the core were sampled 
for U/Th dating. 230Th/U datings were measured in the 
Laboratoire des Sciences du Climat et de l’Environne
ment (LSCE) in Gif-sur-Yvette with a thermal ionization 
mass spectrometer (Finnigan MAT262). Five cores 
(AT564G, AT534G, AT570G, AT571G and AT572G) 
were acquired during respectively the TTR 14 and 
TTR 15 cruises with the gravity corer on board of R/V 
Logachev. The cores were opened and described in 
detail.

4. Data description and interpretation

4.1. Pen Duick Mound Province

4.1.1. Geomorphology
Extensive multibeam bathymetry and seismics along 

the top of PDE, a fault-bounded cliff, revealed a series of 
elongated mounds and mound clusters (Fig. 3). The 
mounds occur in water depths between 500 and 600 m 
and can measure up to 60 m in height. They are 
elongated in E-W direction, with a length of about a 
half a kilometer. At the base of the cliff smaller mound 
patches are found, again characterized by an E-W 
orientation. A NW-SE oriented moat delineates the 
base of the escarpment. Based on the integration of 
bathymetry, seismic data and side scan sonar imagery, so 
far 15 mound structures along the top of the cliff have 
been identified. The south-west facing part of the cliff 
has a height of 65 m above the sediments and an average 
slope gradient varying between 15 and 20°. The eastern 
edge of the cliff reaches slope gradients up to 25°.

4.1.2. Seismics
Avery high-resolution deep-tow chirp seismic profile 

along the crest of PDE (Fig. 4) shows the mounds as 
rounded eone shaped features, with a height up to 60 m. 
No internal structures are observed. On some parts of the 
profile, mostly between 1500 and 4000 m along the
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distance axis, subsurface reflections are recorded. Ge
nerally, the subsurface has a low amplitude. The widely 
U-shaped geometry of the reflections is caused by 
directional changes during the acquisition of the data 
(Fig. 3A). An erosive surface below the mounds can be 
observed and is interpreted as the mound base.

A profile perpendicular to the PDE shows medium to 
high amplitude sequences, covering a low-amplitude unit 
(Fig. 5A). The low-amplitude body has a very steep SW 
dipping slope beneath the escarpment. Northwards, NE 
dipping reflections are observed in the low-amplitude 
unit. The low-amplitude structural acoustic basement, 
which is part of Renard Ridge, is eroded and crops out at 
the seafloor. Diffractions at and above the outcropping 
basement are indicative for the occurrence of elevated 
mound structures.

A small mound-like low-amplitude body occurs in 
the high amplitude sequences that cover the basement. 
Other profiles near the PDE also indicated the presence 
of small mound-like features in the sedimentary se
quences (inset Fig. 5A). Reflections are draping the 
features, indicating that they are real physical structures. 
The small mounded features only occur upslope a set of 
small normal faults associated with gas blanking and 
bright spots. A direct relation between the two obser
vations is speculative. The features may be interpreted 
as small buried mounds and could be an indication of the 
onset of mound growth in the area.

4.1.3. Video imagery and SSS
The integrated analysis of sidescan sonar (MAKAT 

66-68), video imagery (TVAT 33 and c0505-video06) 
and ground truthing by surface coring (AT407Gr, 
AT406Gr, B05-1212, B05-1211, B05-1209 and B05- 
1208) revealed four distinctive facies (Fig. 3).

Facies 1 corresponds with sandy to silty clays (Figs. 3 
and 6C), characterized by an even surface with some well- 
delineated patches of cobble to boulder-sized stones. This 
facies presents the surface sediments in between the 
different mounds and mound patches. On sidescan sonar 
imagery it shows low backscatter strength with a very 
smooth surface. These fine-grained deposits are asso
ciated with typical soft-bottom communities (spiral an-

indicating the singular mounds topping the c liff  and the erosive mound base

thipatharians, isidiid gorgonians (Isidella elongata) and 
hexactinellid sponges), as well as characterized by a high 
amount of burrows.

Facies 2 reveals cold-water corals, lying at the 
surface of the mounds and mound patches along the 
crest of PDE. Most of the mounds are covered with dead 
coral fragments and sediment-clogged dead coral 
rubble, surrounded and overlain by a layer of brownish 
silty mud (Fig. 6D). The most common observed cold- 
water coral fragments are classified as Dendrophyllia 
spp. (D. alternata, D. cornucopia and D. sp.), Lophelia 
pertusa, Madrepora oculata, Desmophyllum cristagalli, 
and Caryophyllia calveri. At the south-eastern edge of 
PDE the surface units are dominated by Dendrophyllia 
spp. (D. sp. and D. cornucopia) and some small frag
ments of Stenocyathus vermiformis, as identified in 
boxcores B05-1212 and B05-1211. Gravity coring (see 
below) shows that these upper units, built up by mainly 
Dendrophyllia spp., are further down-core replaced by 
L. pertusa and M. oculata, associated with D. cristagalli 
and Caryophyllia spp. Boxcores B05-1209, B05-1208 
and grab AT406Gr learn that more west on Pen Duick 
Escarpment, the dominating coral species are L. pertusa, 
M. oculata and D. alternata. A high amount of mac- 
rofaunal and microfaunal life is associated with the cold- 
water coral fragments (crinoids, bryozoans, ophiuroids, 
gastropods, molluscs, hydroids, serpulids, gorgonians, 
foraminifers). Mass occurrences of crinoids are ob
served, using the dead skeletons of cold-water corals as 
substrate. The cold-water coral patches are characterized 
by a high backscatter strength and a clear acoustic sha
dow on sidescan sonar imagery.

Facies 3 consists of carbonate crusts, boulders or hard 
rock covered by a fine layer of hemipelagic mud (Fig. 6E). 
Boulder fields, rock outcrops and outcropping carbonate 
crusts are a common feature in between the mounds. Two 
distinct patches of carbonate slabs are observed in the 
eastern part of the TV-line TVAT33, respectively with a 
length of 11 m and 20 m (Fig. 3B). Solemyid shells, 
brachiopods (Megerlia truncata), dendrophyllid corals, 
anthipatharians, sponges and calcareous tube worms 
(Serpulidae) were observed attached on the carbonate 
crusts (Fig. 6B). It should be noted that the dominating
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cold-water corals associated with these carbonate crusts 
are mainly Dendrophyllia spp. using fossil coral frame
work and carbonate crusts as substrate. The bivalve 
Spondylus gussoni is often co-occurring with these 
species on hard substrates.

Facies 4 is recognized on sidescan sonar imagery by 
its strong backscatter (Fig. 3). It corresponds with the 
scoured moat at the foot of the escarpment or with a

steep bank or slope, probably created by strong erosive 
along-slope currents leaving behind a lag deposit of 
coarser material or dead cold-water coral fragments.

4.1.4. Coring
Four cores, respectively a Kasten core MD04-2804 

and three gravity cores AT564G, AT534G and AT570G 
have been collected on PDE to give insight into the
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mound structures (Fig. 3A). The mound cores display 
throughout all their penetration depth a high number of 
reef-forming cold-water scleractinians like L. pertusa, 
M. oculata, D. cristagalli, Dendrophyllia spp. and 
Caryophyllia spp. In association with the cold-water 
coral fragments numerous shell-bearing invertebrates 
are determined formerly inhabiting the econiches pro
vided by the coral framework. Based on these observa
tions, every single mound structure on PDE can be 
interpreted as a cold-water coral mound.

The Kasten core MD04-2804, with a core penetration 
of 594 cm, is located on the mound cluster at the eastern 
edge of PDE at a water depth of 505 m (Fig. 3A). The 
whole core is characterized by cold-water coral fragments 
embedded in brownish oxidized sandy silt to very fine sand 
in the top 10 cm grading downwards in silty clays to clayey 
silts (Fig. 7). The most common colonial cold-water coral 
species, L. pertusa, M. oculata and Dendrophyllia spp., 
representing 90% of the total coral content, are alternating 
in distinctive zones. The upper part, between 0 and 60 cm, 
is dominated by Dendrophyllia spp. (D. cornucopia and 
D. sp.) in association with S. vermiformis (forming small 
well-preserved (fossil) specimens up to 2 cm long and 1 to 
2 mm wide). Less common in the upper part are L. pertusa

and M. oculata. D. cristagalli occurs as big fragments (up 
to 5-6 cm) in between the previously described species. 
Down-core, L. pertusa and M. oculata are predominating, 
associated with some specimens of D. cristagalli and 
Caryophyllia sp. Dendrophyllia spp. is disappearing. As a 
result of bioerosion and chemical dissolution, the 
preservation of the coral fragments is rather poor in certain 
units. In between 215 and 330 cm the cold-water coral 
fragments are in a very bad stage of preservation mainly 
due to chemical dissolution (Fig. 7). The density of the 
coral fragments is changing throughout the core.

Among the cold-water coral fragments, other inver
tebrate species could be identified. Most of the reported 
species are known to live in association with cold-water 
corals. Frequently occurring species were the bivalves 
Lima marioni, Acesta excavata, Asperarca nodulosa, 
Delectopecten vitreus, Pseudamussium sulcatum, 
S. gussoni and Heteranomia squamula, the gastropods 
Calliostoma cf. maurolici, Bursa ranelloides, Alvania 
tomentosa, Alvania cimicoides and Amphissa acute
costata, the brachiopod species M. truncata and Tereb
ratulina spp. as well as several echinoderms, e.g. the 
echinoid Cidaris cidaris and mass occurrences of 
unidentified crinoids. A specific group of bivalves and
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gastropods occurring as associates in the cold-water 
coral environments of the study area are noteworthy as 
representatives of a local fauna not present in other cold- 
water coral environments further north. These species 
are either restricted to the Moroccan margin, at least 
restricted to the Gulf of Cadiz area (e.g. the gastropod 
species A. tomentosa, Neptunea contraria, Pseudosetia 
amydralox, Crisilla amphiglypha and Bittium watsoni) 
or are part of a fauna not extending further north than the 
southernmost Bay of Biscay (e.g. Limopsis angusta, 
B. ranelloides). These species are of high importance for 
palaeoenvironmental or oceanographic reconstmctions 
as they are not reported from any other cold-water coral 
site along the European continental margin. The large 
bivalve A. excavata, on the other hand, implies a clearly 
boreal influence, nowadays known to be a common and 
abundant associate to cold-water coral reefs along the 
Norwegian margin (see López Correa et al., 2005).

Pore water analysis evidences a sharp sulphate- 
methane transition (SMT) zone at 3.5 m below the 
mound top, whereas the depth of no sulphate is much 
deeper in the surrounding sediments (Fig. 7). The 
horizon characterized by a strong corrosion of the coral

fragments is just lying above and at the front of the recent 
location of the zone of anaerobic methane oxidation 
(AOM). Due to the alteration of the cold-water coral 
fragments, absolute U/Th dating should be questioned 
(U-series open system behaviour). However, two U/Th 
datings at 10 and 50 cm core depth yielded confident 
ages of respectively 290 ±20 ka and 320 ±36 ka. Radio
carbon dating on the bivalve A. excavata, recovered 
from the top of the core, yielded ages from more than 
50,000 yr BP (Matthias López Correa, pers. com.).

Gravity core AT564G is localized on the same mound 
cluster as core MD04-2804 at a water depth of 538 m and 
has a recovery length of 219 cm (Fig. 3). The top of the 
sediments (0-15 cm) consists of brownish water- 
saturated very fine sand with coral fragments (Fig. 7), 
dominated by Dendrophyllia spp. in association with 
L. pertusa and M. oculata. As in core MD04-2804, also 
5. vermiformis, well-preserved D. cristagalli and some 
Caryophyllia spp. fragments are reported in the upper 
part. The remaining part of the core is represented by a 
200-cm-thick horizon of silty clay to clayey silt, with a 
high amount of L. pertusa in alternation with M. oculata. 
Dendrophyllia spp. are missing again, while D. cristagalli
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and Caryophyllia spp. are still present in minor quantities. 
The density of the coral fragments is changing throughout 
the core. The preservation of the coral fragments is only 
fair but a well-delineated zone of very badly preserved 
coral fragments could not be detected. Throughout the 
succession bioturbations and burrows filled with (soupy) 
water-saturated clays are observed. Between 116-125 cm 
and 154-165 cm, an accumulation of smaller coral frag
ments is noted.

Another core, situated at the south-eastern flank of the 
same mound cluster as described before and at a water 
depth o f580 m, is gravity core AT570G. It has a recovery 
length of 385 cm (Fig. 3). The upper 30 cm are 
characterized by cold-water coral fragments (dominated 
by Dendrophyllia spp.) embedded in a brownish silty 
matrix (Fig. 7). Between 0 and 93 cm the brownish silty 
sediments are grading into grayish silty clays, while the 
embedded cold-water coral fragments become dominated 
by the species L. pertusa and M. oculata. The amount of 
coral debris is denser at respectively 15-25 cm and 41- 
80 cm. At 63 cm, a 10 cm large bivalve Æ excavata was 
recovered. From 93 cm to 174 cm, cold-water coral 
fragments embedded in a gray clayey matrix become 
more and more dissolved (especially between 147 and 
174 cm). A remarkable observation is the presence of mud 
breccia and mud clasts between 174 and 385 cm. From 
174 to 231 cm, some coral fragments are still present 
between the mud breccia and the clay but they disappear 
completely below this zone.

Gravity core AT534G is retrieved from a mound at the 
western edge of PDE at a water depth o f550 m (Fig. 3). It 
has a total length of 395 cm. The presence of large cold- 
water coral fragments, mainly L. pertusa associated with 
M. oculata and big fragments of D. cristagalli (up to 
3 cm length) in a grayish brown silty matrix are 
characterizing the uppermost 10 cm of the core (Fig. 7). 
Dendrophyllia spp. (D. cornucopia and D. sp.) are not 
present anymore, as observed in AT564G and MD04- 
2804. Some fragments ofD. alternata could be identified. 
Between 10 and 37 cm the silty sediments turn to silty 
clay. This silty clay is present through the whole core unit 
until the base, whereas the amount of coral fragments 
(mainly L. pertusa) is decreasing downwards. The bottom 
part of the core (from 330 cm to bottom) is free of coral 
fragments. The preservation of the coral fragments 
throughout the core is rather good.

4.2. Renard Mound Province

4.2.1. Geomorphology
The western edge of Renard Ridge forms a structural 

high where cold-water corals probably started to build

up mound-like structures (Fig. 8). The western part of 
the ridge has a height of 100 m above the seafloor. The 
top of the ridge is covered with mound clusters and 
single mounds occurring in water depths between 550 
and 700 m. Single mounds are reaching a height up to 
30 m. The mounds are smaller than the mounds reported 
along the PDE. Cold-water coral patches are present on 
the sediments flanking the western and south-western 
sides of the ridge. The total amount of mounds and cold- 
water coral patches can be estimated at 65. As observed 
on PDE, the mounds and patches are elongated. A clear 
E-W oriented moat is present at the north-eastern part of 
the ridge which shows a slope inclination of 23°.

4.2.2. Seismics
A set of seismic profiles, jointly shown in Fig. 5B, 

shows the occurrence of many mounded features at the 
culminations of the low-amplitude acoustic (and 
structural) basement. The two sides of the profile are 
mirrored sections of the ridge — the ends of the profile 
are located north, the central part of the profile south 
(Fig. 8). The presence of at least two large normal faults 
can be inferred from the data. A first fault occurs at the 
northern side of the ridge and dips towards the north. At 
the surface, the basement crops out. Along the ridge, 
elevated features are indicating the presence of mound 
structures. Further southwards, a second normal fault 
with a large offset again disrupts the seafloor. A large set 
of diffractions is again interpreted as the presence of 
mounds on top of the outcropping basement. The height 
of the mounds reaches several tens of meters.

4.2.3. Video imagery and SSS
The combination of sidescan sonar imagery 

(MAKAT 75) and ROV video imagery (TVAT 36) 
made it possible to delineate the different patches and 
mounds covered with mainly dead cold-water coral 
fragments, identified as L. pertusa, M. oculata and 
some D. alternata. It corresponds with facies 3 as des
cribed on PDE (Figs. 6 and 8). It should be noted that the 
corals are more densely branched and form higher 
frameworks in comparison to PDE, where most of the 
corals are present at the seafloor as smaller fragments 
and branches. Anthipatharians, large reddish alcyona- 
ceans, sponges and many crinoids use the dead cold- 
water coral fragments as substrate. Facies 1, consisting 
of sandy to silty mud, is draped over whole the ridge and 
forms the main facies between the mounds and cold- 
water coral patches (Figs. 6 and 8). As on PDE, this mud 
layer is colonized by typical soft-bottom communities 
(spiral anthipatharians, isidiid gorgonians and hexacti- 
nellid sponges). Bioturbation and burrows are common.
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Some boulders, colonized by benthic epifauna, are pre
sent between the mounds.

4.2.4. Coring
Two gravity cores have been collected at the western 

edge of Renard Ridge, respectively AT571G on top of a 
small mound on Renard Ridge and AT572G on top of a 
cold-water coral patch in the sediments flanking Renard 
Ridge (Fig. 8).

Gravity core AT571G has a recovery length of 
581 cm and is localized on top of a small mound at a 
water depth of 580 m. Coral fragments are present 
throughout whole the core length but the density of coral 
fragments changes (Fig. 7). The main coral fragments 
are identified as L. pertusa and M. oculata. Less abun
dant are the species D. cristagalli, D. alternata and 
Caryophyllia spp. The determined species of the coral 
fragments are alternating in different zones, whereby in 
certain units L. pertusa seems to dominate, while in 
other zones M. oculata takes the overhand. The matrix 
in the upper 37 cm consists of brownish sandy silt going 
over in silty clay becoming more compact towards the 
bottom. Bioclastic fragments from bivalves, gastropods 
(including pteropods), echinoids, crinoids, bryozoans, 
crustaceans and serpulids are present between the coral 
fragments. Planktonic and benthic foraminifera are 
common. Badly preserved and heavily dissolved coral 
fragments are frequently observed between 250 and 
300 cm. The colour of the sediments in which the corals 
are embedded becomes lighter in and especially below 
this unit.

Core AT572G, with a recovery length of 333 cm, is 
acquired on top of a cold-water coral patch on the flank of 
Renard Ridge at a water depth of 712 m. Coral fragments 
are present in the upper 70 cm but their amount is 
decreasing by going downwards (Fig. 7). The upper 
brownish sandy silt (0-70 cm) grades into grayish silty 
clay to dark clay at the bottom. The most abundant coral 
species are identified as M. oculata and L. pertusa. The 
coral fragments in the upper zone are rather well-preserved.

4.3. Vernadsky Mound Province

4.3.1. Geomorphology
The northern edge of Vernadsky Ridge is densely 

covered by small mound-like structures while mound
like patches are found on the sediments flanking the 
ridge (Fig. 9). The mounds on top of the ridge reach 
heights up to 50 m and widths up to 250 m. The mounds 
and mound patches are elongated and seem to be lined 
up, following the structural height. They occur in water 
depths between 700 and 500 m. The south-western flank

of the Vernadsky Ridge has a gentler slope than the 
north-eastern flank, reaching maximum slope values of 
about 23°. A small NW-SE directed moat is present at 
the south-western flank, while deeper scoured moat 
structures are observed at the other side of the ridge. The 
total amount of mounds and cold-water coral patches on 
this northern edge of the Vernadsky Ridge can be 
estimated at 130.

The central part of the Vernadsky Ridge consists also 
of a topographic height, providing substrate for the 
settlement of benthic organisms. At the edges, mound
like structures are recognized, which can be interpreted 
as small NW-SE orientated mound patches. They have a 
similar acoustic signature on seismics and sidescan sonar 
imagery as the mound-like structures at the northern 
edge of Vernadsky Ridge (Fig. 9).

4.3.2. Seismics
Seismic profiles over the central part of the Vernadsky 

Ridge give insight into its structure. Fig. 10A shows the 
outcropping and eroded low-amplitude acoustic base
ment being covered by younger sequences. Correlation 
of the seismic data around the ridge culmination indi
cated that a large normal fault had been active during the 
past. This has created an offset of about 400 m at the 
ridge crest. Northwards of the large normal fault, smaller 
faults are found, which could either be antithetics from 
the main fault, or a consequence of sediment removal in 
the subsurface due to mud volcano activity.

In the vicinity of this structurally active place, 
acoustic diffractions are observed (Fig. 10B). Some 
diffractions clearly stand out above the seafloor and thus 
can be interpreted as mound structures. The seismic data 
retrieved at the northern part of the Vernadsky Ridge are 
densely populated by acoustic diffractions (Fig. 10C). 
Structural basement highs are separating small intraridge 
basins. These are likely to be fault-controlled. Nearly the 
whole seafloor reflection is obscured by diffractions. The 
diffraction height runs up to 50 m and their width up to 
200 m. These diffractions are again interpreted as mound 
diffractions, indicating that nearly the whole seabed is 
covered with mound build-ups and mound patches.

4.3.3. SSS
Sidescan sonar imagery (MAKAT 107-108) 

revealed similar acoustic signatures as observed on 
Renard Ridge and PDE (Fig. 9). The mound structures 
and mound patches are characterized by a high back- 
scatter strength and a clear acoustic shadow, and can be 
interpreted as cold-water coral carbonate mounds and/or 
cold-water coral patches (cf. facies 2 on PDE and 
Renard Ridge). In between the mound patches, a smooth
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surface with low backscatter intensity is observed, cor
responding with sandy to silty clays (facies 1). Kidd 
mud volcano can be clearly delineated (Fig. 9). Another 
area with high backscatter intensity is located on top of 
Vernadsky Ridge. Ground truthing using a dredge (station 
AT574D), revealed that this area with high backscatter 
corresponds with the presence of carbonate crusts and 
chimneys. Serpulids, bivalves (S. gussoni), bryozoans, 
dendrophyllid corals, etc. use the chimneys and crusts as 
substrate to settle on (e.g. Fig. 6B: D. alternata attached 
on chimney). Also the steep north-eastern flanks with 
their associated NW-SE orientated scoured moats, are 
characterized by higher backscatter strengths.

4.4. Al Idrisi Mound Province

4.4.1. Geomorphology and SSS
East of mud volcano Al Idrisi, mound patches on a 

much smaller scale are observed (Fig. 11). They appear 
on multibeam bathymetry and sidescan sonar imagery as 
small E-W aligned mound-like features, not higher than 
10 m and in rather shallow water depths (350 to 200 m).

Ground truthing by Hammon grabs (B05-1214 and 
B05-1215) revealed that the structures are covered with 
cold-water coral fragments, dominated nearly exclu
sively by L. pertusa and M oculata, embedded in 
brownish oxidized silty clays, which grade into grayish 
and stiff silty clays.

4.4.2. Seismics
Below the Al Idrisi mud volcano, an anticline is 

buried below the sedimentary sequences. The crest of 
the low-amplitude basement, culminating at less than 
100 m below the seafloor, is highly fractured and has 
collapsed in response to sediment withdrawal by mud 
volcano activity. Several bright spots indicate the 
presence of gas in the sediments at shallow positions. 
Mound-like features with a low-amplitude and chaotic 
internal facies are topping the anticline culmination area 
at the seafloor. Below the chaotic facies, an erosive 
surface is present (Fig. 10D). The chaotic mounded 
features can be interpreted as small coral patches, what 
is confirmed by sampling. The erosive surface is 
interpreted as the base of the mounds.
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Fig. 11. Bathymetry (contour spacing is 5 m) and location o f  seismic profile and core material in the Al Idrisi Mound Province. Inset presents the dead
cold-water coral fragments (mainly Lophelia pertusa  and M adrepora oculata), recovered from the surface.
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5. Discussion

5.1. Initiation o f cold-water coral growth

As shown before seismic data reveal a close 
association between the anticlinal ridges and mound 
structures. In El Arraiche mud volcano province, cold- 
water coral mounds show to be closely related to the 
Renard, Vernadsky and Al Idrisi Ridges. While Renard 
and Vernadsky Ridges show nowadays outcropping 
basement, Al Idrisi Ridge is entirely buried, with indi
cations of gas occurrence in the sediments above the 
ridge. Several explanations for this co-occurrence bet
ween mounds and ridges seem to be possible.

The erosive basement surface could have created a 
prime hard substrate for coral larvae to settle on. The more, 
by forming seafloor elevations these basement ridges can 
create enhanced currents and thus a higher food particle 
flux which forms the base for a highly active planktonic 
food chain, which is often regarded as an important factor 
in the process of cold-water coral growth: “the highest on 
the elevation, the more food” (Mortensen, 2000; Freiwald, 
2002; De Mol et al., 2002). Moreover, the effect of tidal 
waves, as reported on PDE by Mienis et al. (2005), may 
have enhanced seabed food supply at an initial stage. The 
external input of nutrients driving cold-water coral growth 
is not the only factor controlling mound build-up. 
Sediment input is another important factor for mound 
growth, whereby cold-water coral colonies on elevated 
structures are baffling transported sediments to build up 
mounds (Foubert et al., 2005a; Huvenne et al., 2005; 
Wheeler et al., 2005a).

As Al Idrisi Ridge does not show a clear topographic 
elevation that would have favoured cold-water coral 
growth as explained in scenario 1, the main reason for 
initial cold-water coral growth might have been the 
presence of a suitable settling ground. Because Al Idrisi 
Ridge is clearly buried, with the cold-water coral build
ups not related to the basement, hardgrounds may have 
been an initial substrate. Hardgrounds could have been 
created by gas or fluid seepage cementing partly the 
seafloor.

5.2. Extinction o f  cold-water corals

Another phenomenon is the wide-spread extinction of 
cold-water corals on the Moroccan margin, Gulf of 
Cadiz. So far, no extensive live frame-work building 
corals could be observed. In contrast, healthy living coral 
colonies are observed on the Norwegian margins up to 
the north (e.g. Freiwald et al., 1997, 2002; Hovland and 
Mortensen, 1999; Fossâ et al., 2005), in Rockall Trough

and on Rockall Bank (e.g. Akhmetzhanov et al., 2003; 
Kenyon et al., 2003; van Weering et al., 2003), on 
Porcupine Bank (e.g. Wheeler et al., 2005b), in 
Porcupine Seabight (e.g. Foubert et al., 2005a; Huvenne 
et al., 2005; Wheeler et al., 2005a), and south of the 
Galicia Bank (Duineveld et al., 2004). The cold-water 
corals and their associated ecosystems in the Mediterra
nean Sea are already in a stage of retirement since the 
onset of the Holocene (Taviani et al., 2005). The coral 
fragments appearing at the surface in the southern part of 
the Gulf of Cadiz are rather old, reaching ages older than 
300 ka (~ MIS 9) at the south-eastern edge of Pen Duick 
Escarpment.

However, the presence of clear mound structures built 
up by cold-water corals evidences that in the recent 
geological past, environmental and oceanographic con
ditions were suitable for prolific cold-water coral growth. 
Before the onset of the recent interglacial conditions, the 
Gulf of Cadiz was much more influenced by a North 
Atlantic regime (Vanney, 2002), resulting in a descent of 
the polar front (until Portugal), decrease in temperatures, 
lowering of the general sea level (100-120 m), influence 
of icebergs and their associated ice rafted debris from the 
north (even up to south of the Gulf of Cadiz) (Heinrich 
events, Lebreiro et al., 1996). Llave et al. (2006) and 
Voelker et al. (2006) suggested that the lower Mediterra
nean branch with a significantly higher salinity and 
density (Schönfeld, 1997; Zahn et al., 1997; Cacho et al.,
2000), enhanced during climatic coolings (glacials/ 
stadials). This lower branch of intensive and deeper 
MOW (Thomson et al., 1999; Schönfeld and Zahn, 2000; 
Rogerson, 2002) results in a stronger interaction with the 
seafloor and higher current velocities (Llave et al., 2006). 
The enhancement of the lower core of MOW (mainly the 
Principal and Southern Branches) during previous glacial 
conditions can have enhanced the formation of meddies 
(carriers of cells of MOW with their full biological 
content), which have probably strongly influenced the 
Moroccan Margin. Several molluscan and foraminiferal 
species co-occurring with the cold-water corals, as 
observed in the Kasten core MD04-2804 and the surface 
boxcores, belong to a Mediterranean fauna, indicating an 
important influence of MOW in the past. The bivalve 
species L. marioni and S. gussoni are preferably occurring 
in areas with a clear influence of MOW. Molluscan 
species such as the bivalves Microgloma tumidula and 
Yoldiella wareni or the gastropod species Drilliola 
emendata and Alvania electa are mainly occurring in 
areas under the influence of MOW. Moreover, the study of 
an off-mound core (Vanneste, 2005) between Renard 
Ridge and Vernadsky Ridge, showed the presence of 
coarser and more reworked material during colder
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periods, indicating higher currents which can be linked 
with the input of more vigorous meddies and the 
interaction of these meddies with NACW. These meddies 
and the interaction of these meddies with NACW, are 
responsible for a fresh supply and a higher flux of nut
rients, which is positive for prolific cold-water coral 
growth (Freiwald et al., 2002).

Nowadays, all the cold-water coral fragments and 
mounds are draped by a fine layer of silty mud. The off- 
mound core between Renard Ridge and Vernadsky 
Ridge is characterized by finer sediments since the onset 
of the Holocene and a rather high sedimentation rate 
(18.5 cm/ka) could be calculated for this period (Foubert 
et al., 2005b). The deposition of finer sediments since 
the onset of the Holocene evidences that currents are 
nowadays probably weaker than during glacial times. It 
can be postulated that a major change in oceanographic 
conditions since the onset of the Holocene, together with 
a decrease in the food particle flux and higher sedi
mentation rates, are responsible for the dead of most of 
the cold-water coral colonies. Moreover, large-scale 
changes in oceanography may have an effect on small- 
scaled tidal current systems, which might explain the 
relatively weak tidal currents nowadays reported by 
Mienis et al. (2005) in the southern Gulf of Cadiz along 
the Moroccan margin.

It is worth to mention that the environmental and 
oceanographic situation described for colder periods on 
the Moroccan margin, can be nowadays observed in well- 
delineated areas of Porcupine Seabight, where cold-water 
corals are still alive (De Mol et al., 2002; Foubert et al., 
2005a; Huvenne et al., 2005; Wheeler et al., 2005a). 
Current regimes in Porcupine Seabight and along the 
Moroccan margin seem to be opposite to each other 
during glacial and interglacial periods (at least for the 
most recent ones).

5.3. Cold-water coral dissolution and carbonate 
precipitation

The growth of cold-water corals and the origin of 
carbonate mounds was a heavily debated subject during 
the last decade. Different theories were invoked concern
ing cold-water coral growth and the development of 
carbonate (mud) mounds built up by cold-water corals. 
Cold-water coral reefs on the Norwegian margins and 
carbonate mounds in Porcupine Seabight were supposed 
to be related with light hydrocarbon seepage (Hovland, 
1990; Hovland et al., 1998; Henriet et al., 1998, 2002). 
Hovland and Mortensen (1999) suggested a new 
hydraulic theory relying on the assumption that there is 
a stable local input of nutrients through the seabed at or

near the location where the reefs are found. Recent 
research learns that an external flux of nutrients (with 
optima at boundaries between different water masses) and 
an active planktonic food chain, based on a higher primary 
productivity in surface waters and subsequent food 
transport to the sea floor is the main factor controlling 
cold-water coral growth (Duincveld et al., 2004; Roberts 
et al., 2006) and so mound build-up.

In the Gulf of Cadiz, on the Moroccan margin, 
mounds built up by cold-water corals occur in an area 
characterized by the presence of gas seepage and 
subsurface fluid flow. However it should be noted that 
no direct relationship could be found between cold- 
water coral growth and fluid or gas seepage. On the 
other hand, a positive relationship between focused fluid 
flow and carbonate mound distribution on the south
eastern edge of PDE is observed. This is evidenced by a 
rather high sulphate gradient, with a methane oxidation 
front at 3 m below the surface measured on core MD04- 
2804 (Fig. 7). Three main reasons can be invoked to 
explain a higher internal methane flux towards the 
mounds at the south-eastern edge of the ridge. First of 
all, a mounded feature on a scarp or a hill on the seabed 
subjected to rather strong peak currents will develop 
zones of high pressure at the lows of the slopes and low 
pressure areas at or near the summit (Depreiter et al., 
2005a). This pressure effect would create a fluid 
migration from deeper layers to the top of the structure. 
This effect will be enhanced at the edges of a ridge, 
where higher pressure gradients are created. So, in this 
view, the pumping of fluids in carbonate mound systems 
is driven by external currents. Another reason is the 
association of the mounds with the ridges, and thus with 
the faults co-occurring with the ridges. Indeed, as 
observed on the seismics, the ridges are partly fault- 
controlled. The faults can be preferable pathways for 
fluids, canalizing the fluids towards the mounds on top 
of the ridges. A third reason can be the influence by the 
recent eruptive activity of the neighbouring Gemini 
West mud volcano, focusing the extrusion of fluids 
towards the mud volcano crater. Van Rensbergen et al. 
(2005b) has shown that Gemini West mud volcano is 
one of the most active mud volcanoes in the region, as it 
lacks a hemipelagic sediment drape of fine mud (as 
observed over most of the mud volcanoes, mounds, 
carbonate slabs and covering the seafloor in between the 
mounds) and it features a shallow sulphate reduction 
zone (as observed in the Kasten core MD04-2804). The 
presence of mud breccia and mud clasts in gravity core 
AT570G (at the south-eastern flanc of a mound at the 
south-eastern edge of PDE), confirms the influence of 
the recent activity of mud volcanoes on this south
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eastern edge. The mud breccia and clasts recovered in 
this core are similar to the mud breccia and clasts re
covered from cores on the neighbouring mud volcanoes 
(Van Rensbergen et al., 2005b).

The cold-water coral fragments embedded in the 
sediments, as observed in well-delineated parts of the 
studied cores, are heavily dissolved. This phenomenon is 
clearly observed in core MD04-2804, whereby the cold- 
water coral fragments are in a rather bad stage of pre
servation due to dissolution just above and at the front of 
the recent zone of anaerobic oxidation of methane. This 
can be explained by a pure diagenetic process (resulting 
from the fluxes in pore water transport). Oxidation of 
organic matter alters the pH and the alkalinity of in
terstitial water and thus the diagenesis of carbonate 
minerals (Tribble, 1993). In general, model results 
indicate that mineral saturation states decrease during 
oxic respiration (from release of carbonic acid) and 
increase during sulphate reduction (from increase in 
alkalinity) (Jorgensen, 1983; Reeburg, 1983). The C:N 
ratio of the organic matter and the degree to which 
sulphide precipitates as a mineral phase also affect the 
saturation state with respect to carbonate minerals. Tribble 
(1993) suggested that the aragonite saturation state 
initially drops but becomes oversaturated during exten
sive sulphate reduction. A pattern of initial aragonite 
dissolution followed by carbonate precipitation as a 
function of the extent of sulphate reduction can occur 
within reefs in a manner similar to that described for 
sediments (Tribble, 1993). Throughout this process the 
interstitial waters keep close to equilibrium compositions 
with aragonite. This buffers the pH of the waters. Because 
interstitial water in the reef has a short residence time, the 
observed equilibration suggests rapid kinetics. A similar 
process is noted in the mounds in Porcupine Seabight SW 
of Ireland, where no obvious recent methane fluxes or 
seepage is noted (Foubert et al., 2007). However, when a 
flux of methane reaches the aerobic zone, aerobic methane 
oxidation takes the overhand and drops the pH drastically, 
stimulating a net dissolution of aragonite. During coupled 
anaerobic methane oxidation and sulphate reduction, 
HCOJ and HS are released, increasing the pH and so 
stimulating a system that becomes oversaturated in 
respect to aragonite, resulting in carbonate precipitation. 
Precipitation of sulphides as FeS strongly affects the 
aragonite saturation state. So, focused and alternating 
fluxes of methane in time can stimulate dissolution of 
cold-water corals in the aerobic zone and precipitation of 
carbonate in the anaerobic zone. However, no distinctive 
zones of explicit carbonate precipitation are noted in the 
studied cores, while extensive horizons of coral dissolu
tion are clearly present. More focused geochemical

research on the carbonate-rich fractions and the pore 
fluids have to be carried out in order to understand the 
processes behind carbonate dissolution and precipitation 
and the possible effect of alternating fluxes of methane in 
time. Despite the fact that the exact mechanisms are not 
yet completely understood, it can be assumed that 
mounds, built up by the interaction between sediment 
dynamics and coral framework, can be affected by the 
dynamics of internally controlled pore water fluxes.

While cold-water coral growth has obviously nothing 
to do with seepage, the mounds they create by the 
interaction between sediment dynamics and coral frame
work can be affected by internally controlled fluid fluxes.

5.4. A “three-phase” model fo r the development o f  
carbonate mounds

By combining the observations, a three-phase mound 
development model can be proposed for the mounds on 
the Moroccan margin:

(1) In a first stage the cold-water corals start to 
colonize a suitable substrate under specific envi
ronmental and oceanographic conditions, positive 
for cold-water coral growth. The most important 
factor is the presence of a planktonic food chain, 
based on a high primary production and an en
hanced food particle flux towards the seafloor. 
Elevated positions (e.g. Renard and Vernadsky 
Ridges, Pen Duick Escarpment), creating en
hanced currents and so a higher nutrient flux, are 
preferable. Tidal currents may have at this stage an 
additional positive effect on the availability of 
planktonic food particles for cold-water corals.

(2) During a second phase, the interaction between 
sediments, currents and cold-water corals plays an 
important role. As described in Porcupine Seabight, 
sedimentation and hydrodynamics regulated by 
oceanographic and climatic changes are crucial in 
mound development (De Mol et al., 2005; Dorschel 
et al., 2005; Foubert et al., 2005a; Frank et al., 2005; 
Huvenne et al., 2005; Riiggeberg et al., 2005; 
Wheeler et al., 2005a). The initial cold-water coral 
frameworks start to baffle sediments under certain 
current regimes, a crucial phase to build up mounds. 
In this phase, coral colony development and 
sediment baffling proceed in harmony. When 
sedimentation prevails, cold-water corals can be 
buried. On the contrary, when no sediments are 
available the polyps can be kept sediment-free and 
cold-water corals can build healthy reef frameworks 
(cold-water coral reefs) up to several meters high, as
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observed on the Norwegian margins (Freiwald 
et al., 2002).

(3) In a last phase, when the cold-water corals are 
embedded in a sediment-rich matrix and when an 
initial mound structure is already built, fluid 
seepage and fluxes in pore water transport affects 
the built structures by diagenetic processes, 
resulting in for example cold-water coral dissolu
tion (as observed on the mounds on Pen Duick 
Escarpment and Renard Ridge). It should be 
mentioned that the last phase can be concurrent 
with phase 2. A continuous interaction between 
the different phases is responsible for the final 
character of the mound structures.

6. Conclusion

The mound and mound patches in El Arraiche mud 
volcano field can be divided in four well-delineated 
provinces: Pen Duick Escarpment (Pen Duick Mound 
Province), western edge of Renard Ridge (Renard Mound 
Province), Vernadsky Ridge (Vernadsky Mound Province) 
and Al Idrisi Ridge (Al Idrisi Mound Province). The 
mounds are highest and most developed on PDE, while the 
Al Idrisi patches are just characterized by small elevated 
structures (up to 3 m). The Renard Ridge mounds and 
Vernadsky Ridge mounds have many similarities, whereby 
most of the mounds are observed on top of the ridges and 
fading out mound patches are colonizing the sediments 
burying the flanks of the ridges. The seismic data confirmed 
a close association between the anticlinal ridges at or below 
the seafloor, and the mound structures built up by cold- 
water corals on the seafloor.

The gravity cores, boxcores and video imagery display a 
high number of reef-forming cold-water scleractinians like 
L. pertusa, M. oculata, Dendrophyllia spp., D. cristagalli 
and Caryophyllia spp. with numerous faunal associations 
formerly inhabiting the econiches provided by the coral 
framework. Temporal and spatial variations are observed in 
the dominance of the different cold-water coral species. 
Under present interglacial environmental and oceano
graphic conditions, no healthy live coral reefs could be 
observed. However, environmental and oceanographic 
conditions during colder periods (glacials/stadial) where 
probably more favourable for cold-water coral growth. 
Meddies, anticyclonic cells of MOW, and the interaction of 
these meddies with NACW, could have played hereby a 
major role.

Fluid seepage can affect the built mound structures by 
diagenetic processes, resulting in cold-water coral dissolu
tion. However, no obvious relation between cold-water 
coral growth and seepage is observed.

A three-phase model for the mound development on 
the Moroccan margin can be proposed. During a first 
phase the cold-water corals start to colonize suitable 
substrates under specific environmental and oceano
graphic conditions positive for cold-water coral growth. 
In a second stage, the cold-water coral frameworks start 
to baffle sediments regulated by environmental changes 
and build up cold-water coral mounds. During the last 
phase, fluid seepage affects the initial stmctures by 
diagenetic processes. The continuous interaction 
between the last two phases, which may be concurrent, 
is responsible for the final character of the mounds.
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A b stract The deflection of oceanic or tidal currents into 
pockmarks has been studied by both general three- 
dimensional computational fluid dynamics simulations and 
acoustic measurements in a number of pockmarks in the 
Inner Oslofjord, Norway. The modeling demonstrates 
upstream convergence of flow lines, followed by upwelling 
over the pockmark. This upwelling is an effect of deflected 
regional currents, not of expulsion of fluids or gas from the 
seafloor, and is sufficiently strong to prevent the settling of 
fine particles. The field measurements, although noisy at 
low vertical velocities, are consistent with the hypothesis of 
upwelling. The reduction in sedimentation rate inferred 
over the pockmarks (relative to that of the flat surrounding 
seabed) can explain the maintenance, or even deepening of 
pockmarks in the absence of fluid or gas seepage. The 
current pattem may also have consequences for the marine 
biology of pockmarks.

Introduction

Pockmarks are circular to elongated depressions in the 
seafloor, ubiquitous especially on the continental shelf 
throughout the world (Hovland and Judd 1988; Hovland 
et al. 2002). Ranging from less than 1 m to more than 1 km
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in diameter, these features are considered to form mainly as 
a result of sudden or gradual release of gas (usually 
methane; Scanlon and Knebel 1989), meteoric groundwater 
(Khandriche and Werner 1995), or overpressured pore 
water (Harrington 1985).

Deflection of oceanic currents in pockmarks is a critical 
issue for a number of reasons. A fundamental problem in 
pockmark research is age estimation, usually involving 
consideration of relative rates of sedimentation or erosion 
inside and outside the pockmark. Does the pockmark act as 
a sediment trap, or do currents keep the pockmark open 
long after fluid expulsion or seepage has ceased? Elongated 
pockmarks are often aligned along prevailing current 
directions, which may indicate that the pockmarks were 
initially circular, but have been deformed by sediment 
transport, deposition, and erosion (Josenhans et al. 1978; 
Hovland 1983; Boe et al. 1998).

Coarse sediment is often found in the center of pock
marks (Manley et al. 2004; Webb et al. 2009). In some 
cases, this is due to authigenic carbonate in methane seep 
settings, or may be explained as a winnowed lag deposit 
caused by the expulsion or seepage of fluids. However, 
such lag deposits can also be due to currents, as well as to 
the accumulation of anthropogenic and other debris, as 
sometimes observed in pockmarks (e.g., Manley et al. 
2004; Webb et al. 2009).

Currents are known to influence the distribution of 
benthic organisms, both by affecting larval settlement, and 
by controlling the transport of nutrients to suspension 
feeders such as corals, sea anemones, and crinoids. The 
distribution of benthic organisms around a pockmark may 
therefore reflect hydrodynamic patterns affected by the 
pockmark’s geometry (Webb et al. unpublished data; 
Wildish et al. 2008). Furthermore, the frequently observed
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association between pockmarks and high densities of fish 
(Hovland and Judd 1988; Dando et al. 1991) may partly be 
connected with current patterns.

Although long-term measurements of physical 
parameters such as pressure and temperature in pock
marks are available (e.g., Marinaro et al. 2006), 
pockmark currents have been measured directly only 
rarely. In fact, to our knowledge there is only one 
published study on current measurements in pockmarks. 
Manley et al. (2004) carried out long-term ADCP 
measurements from a moored instrument in a pockmark 
in Lake Champlain, USA/Canada, and also provide an 
interesting discussion of possible effects of currents on 
pockmark sedimentation. They suggest that a cyclo- 
stropic rotational flow may be induced as the water 
column is stretched vertically when advected across the 
pockmark, and furthermore that an inward and down
ward flow may be set up around the perimeter. This 
could bring particles to the center of the pockmark, 
where the fines could get resuspended.

This paper presents numerical modeling of currents 
as deflected by a generic pockmark. We have also 
attempted to validate the modeling results using 
current measurements in pockmarks in the Inner 
Oslofjord, Norway. The morphology and sedimentology 
of these pockmarks have been described by Webb et al. 
(2009). No direct evidence of gas seepage from 
Oslofjord pockmarks has so far been detected, but there 
are weak indications of freshwater flux (Hammer and 
Webb, personal observation). The aim of this paper is 
not to address the formation or maintenance of the Inner 
Oslofjord pockmarks in particular, but rather to use these 
as convenient structures for validating the numerical 
modeling. Many of these pockmarks are near-perfectly 
circular, large, and in areas of relatively strong tidal 
current.

M ateria ls and m ethods

Hydrodynamic conditions (the pressure and flow velocity 
fields) in a synthetic, generic pockmark geometry were 
simulated in three dimensions using the SAGE adaptive 
mesh Navier-Stokes solver (Science Applications Interna
tional Corporation, San Diego, CA, 2005). The code was 
run using 32 processor nodes on an HP BL 460c cluster 
provided by the NOTUR network in Norway. Horizontal 
domain size was 100x100 m. Water depth outside the 
model pockmark was set at 60 m, typical of the Inner 
Oslofjord pockmarks (Webb et al. 2009). The mesh was 
automatically adapting down to a minimum cell size of 63 x 
63x63 cm near the seafloor. The pockmark was modeled

using a rotated cosine function, giving a diameter of 40 m 
and a maximum depth of 7 m. These dimensions are typical 
for pockmarks in general (Hovland and Judd 1988), and for 
the Inner Oslofjord pockmarks in particular (Webb et al. 
2009). Inflow from the southern edge, and outflow from the 
northern edge of the model pockmark were based on a 
parabolic velocity profile approximating the steady-state 
flow inside the domain. The exact form of this profile was 
uncritical, because the model pockmark was placed at 
considerable distance (30 m) from the inflow and outflow 
boundaries. Surface current velocity was set at 20 cm/s, 
which is high but not uncommon for the tidal currents of 
the Inner Oslofjord (cf. during the measurements in 
multiple pockmarks mentioned below, we observed 
surface current speeds varying between ca. 10 cm/s 
and 30 cm/s). The program run was terminated at 30 s 
simulated time (roughly 10,000 CPU h), when the flow 
field had reached steady state.

The pockmarks investigated in this paper are shown 
in Fig. 1 and Table 1. In pockmark 186, current velocity 
profiles were measured using a Nortek Aquadopp acoustic 
Doppler current profiler (ADCP) with 1-MHz transducers. 
The instrument was mounted on an aluminum frame, 
raising the transducers 25 cm above the seafloor, and set 
up to collect data through a vertical column with 0.5-m 
cells starting at 45 cm above the seafloor. The range was 
8 m, and each measurement was averaged over 8 min. The 
instrument was deployed at six sites within pockmark 186 
(Fig. 2), at 56 m water depth north of Nesodden in the 
Inner Oslofjord (Webb et al. 2009). This pockmark was 
selected because of its regular circular shape, substantial 
depth (5.8 m) relative to its diameter (31 m), and flat 
surrounding seafloor. The complete operation took slightly 
less than 4 h (11:10 a .m . to 3:00 p .m . on 29 April 2008). In 
this time period, tidal current speed remained fairly 
constant (around 20 cm/s at the surface), but the current 
rotated from SSE to ESE.

For comparison of upwelling inside and outside of 
pockmarks, the vertical current component was measured 
in the center of nine other pockmarks in the Oslofjord, as 
well as at adjacent control sites situated on flat seafloor 
100-150 m outside each pockmark (Table 1). The measure
ments were made from aboard the RV Trygve Braarudi, by 
means of a ship-mounted Nortek Continental ADCP with 
190-kHz transducers and 2-m cell size. We selected pock
marks in relatively shallow water (less than 50 m), in order 
to minimize the measurement area encompassed by the 
three divergent beams of the ADCP. Surface current 
velocities were less than 20 cm/s at all sites. Measurements 
from a cell ca. 4 m above the seafloor were averaged over 
5 min. Vertical currents inside and outside of pockmarks 
were compared by means of a paired t test, using the 
software PAST (Hammer et al. 2001).
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Fig. 1 Locations o f  the Inner 
Oslofjord pockmarks listed in 
Table I 59'55'

59'50'N

10'30'E 10'40'

R esults

The results of the hydrodynamic modeling are shown in 
Figs. 3, 4, 5, and 6, revealing several interesting 
phenomena. As expected, overall current velocities de
crease substantially in the sheltered area inside the model 
pockmark. There is no clear flow separation or formation of 
an eddy—the dominant mode is laminar flow subparallel to 
the seafloor (Fig. 3), with water masses first flowing down 
into the pockmark, and then escaping up.

In a top view (Fig. 4), however, currents are clearly 
deflected in the horizontal plane above the model pock
mark, showing marked convergence upstream and diver
gence downstream. The velocity field 1.5 m above seafloor

(Fig. 5) shows the low velocity down in the pockmark, and 
high velocities around the rim. The converging water 
masses escape partly through an updraft, with its focus 
inside the pockmark, but displaced slightly downstream. 
The vertical component of current velocity, vz, reaches
0.5 cm/s near the bottom of the model pockmark, but minor 
upwelling can be traced high into the water column, nearly 
to the surface (Fig. 6).

In pockmark 186, the horizontal components of measured 
current profiles generally align along the regional tidal current 
direction, which varied through the measurement period as the 
tide was turning (data not shown). The vertical component 
was positive at all six measurement sites, but varied depending 
on location within the pockmark. In positions to the left

Table 1 Pockmarks in the Inner Oslofjord, Norway, investigated in the present study

Pockmark Lat. N Long. E Water depth (m) Pockmark depth (m) Observed vertical current (m/s)

Inside Outside (control)

86 59°48.736' 10-35.212' 45.4 7.1 - -
110 59°51.167' 10-37.079' 46.8 8.1 0.23 0.20

113 59°51.466' 10-36.081' 40.6 5.5 0.18 0.08
114 59°51.699' 10-35.472' 27.8 5.3 0.08 0.06
116 59°51.753' 10-35.751' 34.4 5.2 0.15 0.10

120 59°52.060' 10-36.341' 40.5 4.5 0.17 0.08

135 59°51.901' 10-37.092' 31.9 5.9 0.05 0.02

147 59°52.199' 10-38.082' 31.3 5.8 0.09 0.06
164 59-52.413' 10-39.312' 26.8 5.4 0.08 0.04

165 59-52.403' 10-39.521' 28.1 4.1 0.07 0.05
186 59-52.990' 10-39.830' 56.3 5.8 - -

Pockmark 86 was used only for Fig. 8. Pockmark 186 was studied by multiple ADCP measurements inside the structure. The vertical currents in 
the remaining pockmarks were measured by ADCP inside and outside each pockmark

Nesodden
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Fig. 2 Sonar bathymetry in the vicinity o f pockmark 186 (data 
provided by the Norwegian Geological Survey). Red dots ADCP 
deployment sites. The surrounding pockmarks are not among those 
mentioned in this paper. Smaller ripples and straight lines are 
surveying artifacts. Depth o f seafloor outside pockmarks ca. 56 m. 
Depth o f  pockmark 186 is 5.8 m 2 cm /s 10 m

(Fig. 7a), upstream (Fig. 7b), and upstream right (Fig. 7c) of 
the pockmark (relative to the current direction), upwelling 
was generally less than 2 cm/s, except very close to the 
seafloor. The smallest overall upwelling, less than 1 cm/s 
above 2 m from the seafloor, was observed in the upstream 
position (Fig. 7b). Maximum upwelling (>3 cm/s) was 
recorded at the center and downstream sites (Fig. 7d, e). The 
center downstream location (Fig. 7f) showed intermediate 
upwelling.

The results of ship-mounted ADCP measurements over 
other pockmarks and control sites (Table 1) reveal that the 
vertical component was positive in all cases, but signifi
cantly stronger inside the pockmarks (average 174%; paired 
t test //<().01). Both sets of ADCP measurements were, 
however, noisy relative to the small vertical velocities. 
There was correlation between water depth and vertical

Fig. 4 Current speed and vectors from numerical simulation, in a 
horizontal plane (i.e., not parallel to the seafloor) immediately above 
and in the vicinity o f  the model pockmark. Scale bar at lower left 
refers to vector lengths. Note convergence o f  flow upstream (left), and 
divergence downstream (right) o f the pockmark

velocities at control sites (Spearman’s rank correlation rs -
0.75, jp=0.02).

D iscussion

The main result of this study is the considerable 
upwelling reconstructed over the model pockmark, 
potentially affecting sedimentation. The field measure
ments were noisy, and the deeper water at pockmark 
locations relative to outside may have contributed to

Fig. 3 Current vectors from 
numerical simulation o f  the 
model pockmark (lateral view). 
The overall current direction is 
from left to right. Scale bar at 
lower left refers to vector 
lengths

10 cm/s

£ )  Springer



Geo-Mar Lett

Fig. 5 Current speed from numerical simulation, 1.5 m above the 
seafloor in and around the model pockmark. Orientation as in Fig. 4. 
Note localized areas o f strong current (red) around the rim

higher measured velocities inside pockmarks through the 
observed correlation between water depth and vertical 
velocity (the reason for this effect is unknown). The 
detailed measurements in pockmark 186 are in general 
accordance with the upwelling hypothesis, except that the 
upwelling in the center downstream position (Fig. 7f) is 
somewhat smaller than expected from the modeling results. 
We therefore consider the ADCP results to be consistent 
with, rather than confirming, the upwelling hypothesis.

Current

Vertical
velocity
(cm /s)

Fig. 6 Vertical component (vz) o f current velocity (cm/s) from 
numerical modeling, showing upwelling (lateral view). Seabed 
indicated by white line

Stokes’ law (Lamb 1994) gives the terminal settling 
velocity Vs for a particle of diameter D:

Using a particle density pp= 2.65 g/cm3, fluid density 
Pf=1.03 g/cm3, dynamic viscosity ,«=0.01308 g/cm per 
second (in water at 10°C), and a vertical current velocity 
of 0.5 cm/s, as seen in the simulation, we find that 
spherical particles with a diameter less than about D =  
85 pm (that is, clay, silt, and even very fine sand) would 
be unable to settle through the water column near the 
center of the pockmark. This effect could produce a lag 
deposit consisting of coarser sediment, in accordance with 
observations by Manley et al. (2004) in Lake Champlain, 
and Webb et al. (2009) in the Inner Oslofjord. However, 
some proportion of fine particles could still settle by 
flocculation (e.g., Kranck 1975).

Clearly, the overall reduction in horizontal current 
velocity inside the pockmark will lead to higher sedimen
tation rates, especially from bed load. This will, however, 
be counteracted by the updraft in the center of the 
pockmark. The net sedimentation rate will be controlled 
by the balance of these two processes, and is therefore 
likely to vary depending on particular conditions controlled 
by, for example, pockmark shape, regional current velocity, 
grain size distribution of bed load and suspended sedi
ments, and cohesiveness of the sediment.

The lack of flow separation (Fig. 3) may be ascribed to 
the very smoothly curving edge of the model pockmark.

The convergence of flow upstream of the pockmark 
(Fig. 4) is another interesting result from the simulation. 
This effect is due to the increase in depth, causing a vertical 
elongation of the water column resulting in a pressure drop. 
Any natural water current will have a small net angular 
momentum. As water masses converge upstream of the 
pockmark, it could be theorized that the preservation of 
angular momentum would dictate acceleration in the 
rotational flow, and the formation of a vortex (cf. Manley 
et al. 2004). Because no angular momentum was imposed, 
the phenomenon could not arise in the simulations shown 
here, but pockmark vortices in nature remains a possibility.

Current patterns are also of interest because they have 
profound effects on the distributions of many marine 
organisms, both direct and indirect—for example, by 
affecting larval settlement, and the supply of nutrients and 
oxygen (e.g., Rosenberg 1995). From the results presented 
above (cf. Fig. 5), we would predict higher densities of 
benthic suspension feeders (e.g., corals, sea anemones, and 
crinoids) in and around the high-velocity areas of a 
pockmark, i.e., on the rims and slopes, rather than in the 
center. However, the nature of the substrate is probably

) g D 2
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Fig. 7 Vertical component (vz) 
o f ADCP measurements at var
ious locations within pockmark 
186 (cf. red dots in Fig. 2). The 
positions in the pockmark rela
tive to the background current 
direction at the time o f mea
surement are as follows: a left, 
b upstream, c upstream right, 
d downstream right, e center, 
f  downstream center (sf seafloor)

4
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0 2 4 6 8
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another key factor determining the distribution of 
organisms within pockmarks (e.g., Gray 1974). In the 
center, carbonate rocks and anthropogenic debris often 
provide a hard surface for organisms to encrust or attach to. 
Such objects are also likely to increase the complexity of 
current flow patterns. If we exclude the centre, compared to

F

S m

Fig. 8 Accumulation o f fish above the downstream edge o f pockmark 
86, Inner Oslofjord, as revealed by subbottom profiling (6 kHz). P 
Pockmark, F fish

â  Springer

the surrounding seabed we still see much higher abundan
ces of fauna, especially suspension feeders, on the rims and 
slopes of pockmarks in the Troll Field, North Sea (Webb et 
al., unpublished data). As the substrate in these habitats is 
comparably soft sediments, these differences in faunal 
abundances are most likely to be a result of altered current 
flow patterns in pockmarks. The pockmarks studied in the 
Troll Field showed an increase in the abundance of fauna 
inside, including high abundances of suspension-feeding 
anemones on the slopes. One pockmark had large colonies 
of the tree-like soft coral Paragorgia arborea in its center, 
this being one of the key habitat-forming “bubblegum” 
corals worldwide. The presence of corals in the center of 
pockmarks could be due to the nature of the substrate, or 
possibly to the upwelling current. Hovland (2005) also 
reported that 33 pockmarks in the Kristin field off the coast 
of mid-Norway had coral reefs in their center or along their 
inside rim. These coral species are typically found at 
locations exposed to currents, implying that the pockmarks 
are associated with increased flow. Wildish et al. (2008) 
reported high densities of holothurians in some pockmarks
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in the Bay of Fundy, Canada, and suggested a connection 
with special hydrodynamic conditions causing resuspension 
of sediment.

Fish are known to congregate in areas of upwelling (e.g., 
Genin 2004), and also near pockmarks (Hovland and Judd 
1988; Dando et al. 1991). In the course of several years of 
fieldwork in the Oslofjord, we have frequently observed 
shoals of fish in the water column directly above and to the 
sides of pockmarks (Fig. 8), consistent with the presence of 
an updraft current.

C onclu sions

From the modeling and field evidence, we here suggest 
that currents may be deflected by the pockmark in a 
way that produces a positive vertical current component 
from the pockmark, possibly but not necessarily associ
ated with rotation. This upwelling phenomenon could 
lead to reduced sedimentation rate, and winnowing of 
the fine fraction inside the pockmark. To our knowl
edge, this scenario has not been proposed previously. It 
provides a model that could at least partly explain the 
lack of infill in pockmarks even where no active 
seepage is observed (e.g., Ussier et al. 2003). The lower 
relative sedimentation rate inside the pockmark could even 
make it deepen over time. We do not consider that this 
effect could initiate a pockmark, but it could explain the 
lack of infill in old, inactive pockmarks.

Future modeling work should include the simulation of 
flow patterns in pockmarks with other types of geometry, 
most notably elongate and trench pockmarks (Hovland 
1983; Boe et al. 1998; Webb et al. 2009). Also, a more 
complete model simulating current flow and sediment 
transport, deposition, and erosion in a changing geometry 
is necessary in order to understand the development of 
pockmarks over time, including elongation in the direction 
of current flow (Josenhans et al. 1978; Hovland 1983; Boe 
et al. 1998). Such simulation is, however, extremely 
computer intensive. More accurate field measurement is 
also necessary. Hovland et al. (2002) made a plea for long
term monitoring of temperature, pressure, and fluid flow in 
pockmarks (cf. Marinara et al. 2006). Such studies should 
ideally also include measuring of current patterns and 
sedimentation rates.
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