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ABSTRACT

Cold seeps have been identified globally spanning diverse geologic settings and represent
important seafloor manifestations of material transfer between geosphere and hydrosphere. The
material extrusions give rise to seafloor topographic features that are indicative of focused
release of overpressure, fluids, and, in the case of mud volcanoes, sediments. As emitted fluids
have experienced various diagenetic processes at depth, their expulsion may play a significant
role in global biogeochemical cycles. To gain insights into fluid circulation within cold seep
systems, it is imperative to acquire a comprehensive understanding of the fluids’ origin and the
geochemical processes that exert an influence on their composition.

In this dissertation, the plate boundary region between Africa and Eurasia is studied to identify
cold seeps of various origin. The sites investigated span from the Gulf of Cadiz in the west,
geodynamically dominated by transform faulting, to the Hellenic subduction zone to the East,
a mature subduction system with reverse faulting. Seeping features that can be directly
observed at or near the seabed in these regions are manifold, and mud volcanoes (MVs) are the
most prominent among them. The first and second manuscripts in this study investigate several
MVs in the Gulf of Cadiz, aiming to enhance the understanding of MVs’ morphological
characteristics, deep-seated fluid migrations, and salinity patterns. A presentation of new
discoveries about mud volcanism through the Gulf of Cadiz accretionary prisms is reported in
the first manuscript, covering their morphologies, physical properties and lithological changes
in mud breccias, and fluid compositions. The six MVs investigated (already known MVs Yuma,
Ginsburg and Meknes and newly discovered MVs R2, D2 and Funky Monkey) are located
along different strike-slip fault segments. While two of them are textbook examples of inactive
mud domes, the other four MVs attest recent activity in different evolution stages. At active
seepage sites, we traced back the origin of venting fluids to clay mineral dehydration and
identified pronounced crustal influence and less intense pore water freshening present in the
deeper MVs located close to major strike-slip faults (Funky Monkey MV). The second
manuscript presents in turn a deeper understanding of fluid circulation within “the MV system”
to investigate the relationship between evolving surface characteristics and dynamic subsurface
conditions. Two MVs situated in the Gulf of Cadiz (Yuma, Ginsburg) and one MV in the
Mediterranean Ridge (Milano) have been studied, which show striking differences in fluid
composition between their summit and moat/rim. Through the utilization of fluid geochemistry,
pore water modeling, and high-resolution seismic data, this study has identified not only the
widely-known central conduits within the MV system, expelling freshening fluids due to clay
mineral dehydration, but also the rim-related fluid pathways actively emitting saline fluids
resulting from the leaching of evaporites. The chemical and fluid fluxes of 5 MVs have been
analyzed and related to the MVs life-cycle (depletion and quiescence periods). The results
indicate the involvement of additional (shallow) fluid sources during a later evolutionary stage,
particularly when the moat is being developed. Based on the calculated flow rates at the moat
area, in the case of the Ginsburg MV, this newly described rim-related fluid circulation



significantly contributes to fluid cycling in MVs, especially during long intervals of inactivity.
Although this research is confined to the Gulf of Cadiz and the Mediterranean Ridge, the rim-
related fluid circulation may have global implications. This enhances our understanding of the
coverage and timespan of quiescent fluid seeping and its impact on the global fluid and methane
budgets, which indicates the need for further efforts to improve the estimates including not
only the summit areas of MVs but also the peripheric systems of these complexes.

To gain a more comprehensive insight into fluid seepage in the Gulf of Cadiz, the third
manuscript shifts the focus from MVs to transform faults. Its objective is to define the
contribution of oceanic transform faults as important settings for the circulation of deep-
sourced fluid flow and their influence on global mass balances. The fault fluids are sampled
from two different pull-apart basins on the dextral strike-slip faults, as known as the South
West Iberian Margin (SWIM) faults defining the Africa-Eurasia plate boundary in the Gulf of
Cadiz. Chemical and isotopic composition analysis has been conducted on fault fluids and
compared with those from nearby tectonic-controlled cold seep sites including MVs and
pockmarks. In contrast to the prevalent freshening signals (Cl depletion) observed in the MV
fluids, the geochemical results show a missing signal from clay mineral dehydration in the fault
fluids, suggesting an almost absent connection with terrigenous sediments. The geochemical
composition of fault fluids is, instead, characterized by 1) considerably high Na and Cl
concentrations attributed to intensely interaction with Triassic evaporites at depth; and ii)
strong enrichment of less radiogenic Sr, compared to present-day seawater values. When
related to pure Triassic evaporitic fluids, the relatively radiogenic ’Sr/*Sr ratios in the fault
fluids hint a potential contribution from continental crustal fluids, with modeling indicating up
to 22%. This provides insights into the impact of transform faults in focusing crustal signals
from the depths, thereby advancing our understanding of the deep hydrologic cycle within
transform-type plate boundaries.

This thesis offers insights into fluid flow dynamics at seep sites in the Gulf of Cadiz plus a
comparison to analogue processes further east across the Mediterranean Ridge. Through the
investigation of fluids in mud volcanoes and fault systems, this study reveals: 1) their
relationship and different mechanisms in upward-channeling deep fluids; ii) the signature of
fluids and the potential origin from crustal basement; and iii) the significant role these fluid
systems play in influencing fluid cycling and global element budgets.
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ZUSAMMENFASSUNG

Kaltwasserquellen wurden weltweit in vielféltigen geologischen Umgebungen identifiziert und
stellen wichtige Erscheinungen auf dem Meeresboden dar, die den Materialaustausch zwischen
der Geosphédre und der Hydrosphire widerspiegeln. Die Materialextrusionen fithren zu
topografischen Merkmalen des Meeresbodens, die auf die gezielte Freisetzung von Uberdruck,
Fliissigkeiten und, im Fall von Schlammvulkanen, Sedimenten hinweisen. Da emittierte Fluide
in der Tiefe verschiedene diagenetische Prozesse durchlaufen haben, kdnnte ihr Ausstof3 eine
wichtige Rolle in globalen biogeochemischen Kreisldufen spielen. Um Einblicke in die
Fluidzirkulation in Kaltwasserquellensystemen zu gewinnen, ist es unerldsslich, ein
umfassendes Verstindnis der Herkunft der Fluiden und der geochemischen Prozesse zu
erlangen, die einen Einfluss auf ihre Zusammensetzung haben.

In dieser Dissertation wird die Plattengrenzregion zwischen Afrika und Eurasien untersucht,
um Kaltwasserquellen unterschiedlicher Herkunft zu identifizieren. Die untersuchten Standorte
erstrecken sich von der Golf von Cadiz im Westen, geodynamisch dominiert von
Transformstorungen, bis zur Hellenischen Subduktionszone im Osten, einem ausgereiften
Subduktionssystem mit Uberschiebungen. Die austretenden Merkmale, die in diesen Regionen
direkt am oder in der Ndhe des Meeresbodens beobachtet werden kdnnen, sind vielfaltig, wobei
Schlammvulkane (SV) die prominentesten unter ihnen sind. Das erste und das zweite
Manuskript dieser Studie untersuchen mehrere SV im Golf von Cadiz mit dem Ziel, das
Verstindnis der morphologischen Eigenschaften von SV, tiefliegender Fluidwanderungen und
Salzgehaltsmuster zu verbessern. Im ersten Manuskript wird iiber neue Entdeckungen zum
Schlammvulkanismus durch die Akkretionsprismen des Golf von Cadiz berichtet, die sich mit
deren Morphologie, physikalischen Eigenschaften und lithologischen Verdnderungen in
Schlammbrekzien sowie Fluidzusammensetzungen befassen. Die sechs untersuchten SV
(bereits bekannte SV Yuma, Ginsburg und Meknes sowie die neu entdeckten SV R2, D2 und
Funky Monkey) befinden sich entlang verschiedener Abschnitte von Blattverschiebung
Storungen. Wahrend zwei von ihnen Musterbeispiele fiir inaktive SV sind, belegen die anderen
vier SV eine jlingste Aktivitit in unterschiedlichen Entwicklungsstadien. An aktiven
Kaltwasserquellen haben wir den Ursprung der Entliiftungsfluide auf die Dehydrierung von
Tonmineralien zuriickgefiihrt und einen ausgepridgten Krusteneinfluss und eine weniger
intensive Porenwasserauffrischung in den tieferen SV festgestellt, die sich in der Ndhe grofler
Blattverschiebung Storungszonen (Funky Monkey SV) befinden. Das zweite Manuskript
prasentiert wiederum ein tieferes Verstdandnis der Fluidzirkulation innerhalb des ,,SV-Systems*®,
um die Beziehung zwischen sich entwickelnden Oberflicheneigenschaften und dynamischen
Untergrundbedingungen zu untersuchen. Es wurden zwei SV im Golf von Cadiz (Yuma,
Ginsburg) und ein SV im Mediterranen Riicken (Milano) untersucht, die auffillige
Unterschiede in der Fluidzusammensetzung zwischen ihrem Gipfel und ihrem Graben/Rand
aufweisen. Durch die Nutzung von Fluidgeochemie, Porenwassermodellierung und
hochauflésenden seismischen Daten hat diese Studie nicht nur die weithin bekannten zentralen
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Leitungen innerhalb des SV-Systems identifiziert, die erfrischende Fluide aufgrund der
Dehydrierung von Tonmineralien ausstoBen, sondern auch die randbezogenen Leitungen
Fluidwege, die aktiv salzhaltige Fluide abgeben, die aus der Auslaugung von Evaporiten
resultieren. Die chemischen und fliissigen Stromunge von 5 SV wurden analysiert und mit dem
Lebenszyklus der SV (Erschopfungs- und Ruheperioden) in Beziehung gesetzt. Die Ergebnisse
deuten auf die Beteiligung zusitzlicher (flacher) Fluidquellen in einem spéteren
Evolutionsstadium hin, insbesondere bei der Entwicklung des SV Graben. Basierend auf den
berechneten Durchflussraten im Bereich des Grabens trigt die in diesem Fall bei Ginsburg SV
beschriebene, mit dem Rand verbundene Fliissigkeitszirkulation signifikant zum
Fliissigkeitskreislauf in SV bei, insbesondere wéhrend langer Inaktivitétszeitrdume. Obwohl
diese Forschung auf den Golf von Cadiz und den Mediterranen Riicken beschrinkt ist, konnte
die mit dem Rand verbundene Fliissigkeitszirkulation globale Auswirkungen haben. Dies
vertieft unser Verstdndnis fiir die Ausdehnung und Dauer des ruhenden Fliissigkeitsaustritts
und dessen Einfluss auf die globalen Fliissigkeits- und Methanhaushalte, was die
Notwendigkeit weiterer Bemiihungen zur Verbesserung der Schétzungen einschlief3t, die nicht
nur die Gipfelbereiche von SV, sondern auch die peripheren Systeme dieser Komplexe
berticksichtigen.

Um einen umfassenderen Einblick in die Kaltwasserquellevon Golf von Cadiz zu erhalten,
verlagert das dritte Manuskript den Schwerpunkt von SV auf Transformstdrungen. Das Ziel ist
es, den Beitrag ozeanischer Transformstorungen als wichtige Rahmenbedingungen fiir die
Zirkulation von Fliissigkeitsstromen aus der Tiefe und ihren Einfluss auf globale
Massenbilanzen zu definieren. Die Verwerfungsfluide werden aus zwei verschiedenen Pull-
Apart-Becken auf den dextralen Blattverschiebung Stérungen entnommen, die als South West
Iberian Margin (SWIM) bekannt sind und die Plattengrenze zwischen Afrika und Eurasien im
Golf von Cadiz definieren. An Verwerfungsfluide wurden Analysen der chemischen und
Isotopenzusammensetzung durchgefiihrt und mit denen von nahegelegenen tektonisch
kontrollierten Kaltwasserquelle, einschlieBlich SV und Pockmarks, verglichen. Im Gegensatz
zu den vorherrschenden Auffrischungssignalen (Cl-Abbau), die in den SV-Fluide beobachtet
wurden, zeigen die geochemischen Ergebnisse ein fehlendes Signal der Tonmineral-
Dehydrierung in den Verwerfungsfluide, was auf einen nahezu fehlenden Zusammenhang mit
terrigenen Sedimenten schlieflen 1dsst. Die geochemische Zusammensetzung von Porenwasser
ist stattdessen gekennzeichnet durch 1) betrachtlich hohe Na- und CI-Konzentrationen, die auf
eine intensive Wechselwirkung mit triassischen Evaporiten in der Tiefe zuriickzufiihren sind;
und ii) starke Anreicherung von weniger radiogenem Sr im Vergleich zu den heutigen
Meerwasserwerten. Im Vergleich zu reinen evaporitischen Fliissigkeiten aus der Trias deuten
die relativ radiogenen 8’Sr/%6Sr-Verhiltnisse in den Porenwassern auf einen mdglichen Beitrag
von kontinentalen Krustenfliissigkeiten hin, wobei Modellierungen bis zu 22 % vermuten
lassen. Dies liefert Einblicke in die Auswirkungen von Transformstérungen auf die
Fokussierung von Krustensignalen aus der Tiefe und erweitert so unser Verstindnis des tiefen
Wasserkreislaufs innerhalb der Plattengrenzen.
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Diese Dissertation bietet Einblicke in die Fluidstromungsdynamik an Kaltwasserquellen im
Golf von Cadiz und vergleicht sie mit analogen Prozessen weiter Ostlich am Mediterranen
Riicken. Durch die Untersuchung von Fluiden in SV und Stérungssystemen enthiillt diese
Studie: 1) ihre Beziehung und verschiedene Mechanismen bei der Aufwirtsleitung von
Tiefenfluiden; ii) die charakteristischen Merkmale von Fluiden und deren potenzielle Herkunft
aus dem Krustenuntergrund; und iii) die bedeutende Rolle, die diese Fluidsysteme bei der
Beeinflussung der Fluidzirkulation und der globalen Elementhaushalte spielen.
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Chapter 1: Introduction

1.1 Seabed fluid flow: cold seeps

The exchange of fluids, materials, and energy within and through the geosphere (including the
lithosphere, hydrosphere, atmosphere, and biosphere) is a fundamental process that holds great
significance for the evolution of the Earth's surface and interior (e.g., Judd and Hovland, 2007,
Schlesinger and Bernhardt, 2013). Numerous biogeochemical cycles are active across a range
of scales, primarily within the geologic settings of plate boundaries, volcanic arcs, and
continental margins. In the marine environment, cold seeps are widespread and important
seafloor manifestations of material transfer across the seabed-seawater interface. At these
submarine cold seeps, gases, liquids, as well as sediments, migrate from the subsurface to the
seabed floor and into the water column, and part of volatile elements and compounds such as
methane may even reach the atmosphere (e.g., Milkov et al., 2003). As these emitted fluids
have experienced various diagenetic processes at depth, their chemical and isotopic
compositions generally differ significantly from seawater, and their expulsion may play a
significant role in global biogeochemical cycles. For example, the release of volatile
hydrocarbons creates a favorable environment that supports rich ecosystems, making it a
hotspot of life on the seafloor (Levin, 2005; Levin et al., 2016), and methane, in particular, can
further contribute to the global greenhouse gas budget (Etiope and Milkov., 2004; Etiope,
2005). Other elements that exhibit high concentrations in cold seep environments, like B, Li,
Ba, and Sr, have a significant impact on the chemical composition of the ocean and are relevant
to diverse geological topics such as the alteration of oceanic crust (Chan et al., 1992), the
reconstruction of paleoproductivity (Dymond et al., 1992), and stratigraphic correlation
(Banner, 2004). Moreover, during the long migration of deep fluids, the interactions between
the fluids and surrounding materials can lead to chemical compositional changes, ultimately
influencing the frictional properties of fluid pathways, such as faults (Lauer et al., 2017).

Since the first discovery of submarine seeps in 1970 (Judd and Hovland, 2007), numerous cold
seep sites have been identified worldwide, spanning diverse geologic settings and
encompassing water depths ranging from less than 100m to over 7000m (Sibuet and Olu, 1998;
Fujikura et al., 1999; Treude et al., 2005) (Figure 1-1). By far, convergent margins hold the
most frequent and well-studied cold seep systems. At convergent margins, a subduction zone
is formed when a denser oceanic plate is subducting beneath another less dense continental or
oceanic plate, descending into the mantle (Stern, 2002). The subduction’s delivery makes the
recycling of hydrated lithologies back into the mantle, called “subduction factory” (Tatsumi,
2005). When sediments are completely subducted beneath the overriding plate, a non-
accretionary type margin is formed. Instead, a portion of sediment on the incoming plate
accreted to the edge of the overriding plate, forming an accretionary wedge (von Huene and
Scholl, 1991; Saffer and Tobin, 2011). At both subduction margins, overpressure is widely
build-up in fluids and sediments, in response to lateral compression from plate movement and
diagenesis-related processes of fluid production such as transformation of hydrous minerals
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and thermal degradation of organic matter (Moore and Vrolijk, 1992; Ranero et al., 2008). The
upward migration of these overpressure materials fuels the formation of various seepage
structures in the overlying plate. While the occurrence of cold seeps on convergent margins is
mainly associated with their compressional tectonics, there are also numerous seepages
identified on passive margins, which are driven by rapid sediment loading and differential
compaction (Berndt, 2005). Furthermore, transform plate boundaries are favorable geologic
settings for seepage occurrence, but the reported findings are not as well-investigated as those
in convergent and passive margins (Hensen et al., 2019). Along transform boundaries, the
relative motion between two plates is horizontal, and the fault planes can cut across thick
sedimentary sequences, extending to great depths (Bartolome et al., 2012; Gerya, 2016). The
deep-reaching plate margins may contain a zone characterized by parallel faults and
extensively fractured rock, providing pathways for the upward migration of fluids. In addition,
transform boundaries at continental margins are the sites of high seismic activity, which can
potentially trigger fluids ascending. Recently, there has been an increasing focus on studying
gas and fluid seepage in transform-type plate boundaries (Shakirov et al. 2004; Prouty et al.,
2020).

0° 45°E 90°E  135°E 180° 135°W  90°W  45°W

Figure 1-1. Global distribution of cold seeps (modified from Suess, 2014, and references

therein). The active margin sites (red), passive margin sites (blue), and transform margin sites
(yellow) are shown.



Cold seeps are extensively found in various geological settings, and the formation of related
seafloor features serves as tangible evidence, clearly documenting the occurrence and historical
activities of this phenomenon. The active expulsion of free gas into the hydrosphere is
characterized by hydroacoustic image of gas flare in the water column, and many of
chemosynthetic biological communities, like tube worms and bacterial mats, can be observed
around the seepage sites (Sibuet and Olu, 1998; Greinert et al., 2006; Chand et al., 2012). In
addition to the direct detection of fluid emission, the methane-derived authigenic carbonates
(MDAC:s) are the product transformed from cold seep fluids. Near the seafloor, the symbiotic
activity of sulphate-reducing bacteria and the methanogenic archaea leads to the formation of
bicarbonate and reduced sulphur (anaerobic oxidation of methane, AOM), further precipitated
to form carbonates and pyrite respectively (Judd and Hovland, 2007). The MDACs exhibit a
wide variety of morphologies and sizes, such as tubular chimneys, pavements and slabs. When
MDAC chimneys refer to the AOM process occurred within the subsurface plumbing system
(Ceramicola et al., 2018), some scattered MDAC in the form of thin crusts and slabs can be
observed in mud volcanoes (MVs) indicating an advanced evolutionary stage (Ledn et al., 2006,
2007). As MDAC: provide a substrate that is significantly harder than the surrounding seabed,
they can be identified by higher acoustic backscatter intensity (Zitter et al., 2005). Moreover,
there are some more obvious structures which alter the seabed in response to the material
transfer across the seabed-seawater interface. While pockmarks are characterized by negative
reliefs, MVs are positive topographical features. Pockmarks, most commonly shaped as conical
and elliptical seabed depressions, were initially reported by King and McLean in 1970. They
exhibit a wide range of sizes, spanning from a few meters to hundreds of meters, and can be
found distributed in aligned strings or merged composites in soft, fine-grained and clay-rich
sediments (Pilcher and Argent, 2007). As the pockmarks are formed through the expulsion of
liquids and gases removing seabed sediments, they possess erosive characteristics that can be
identified through seismic analysis and sediment coring (Judd and Hovland, 2007; Cathles et
al.,2010). MVs, another prominent geomorphological indicator of cold seeps, are formed when
sediments are transported together with fluids. Depending on whether the viscosity of the
erupted mud is low (high fluid content) or high (low fluid content) either a shield-like structure
or a conical structure builds up (Dimitrov, 2002; Kopf, 2002). In comparison to pockmarks,
MV:s are generally larger seafloor manifestations, with diameters reaching up to 4 km onshore
and 12 km offshore (Orange et al., 2009). The extrusive edifice of MVs on the seafloor is
composed of mud-flow erupted in multiple phases of activity, which can be traced back to
overpressured formations on the order of several kilometers deep. Hence, the MVs offer a
window to the depths, enabling us access to materials that would otherwise be challenging to
obtain through current scientific drilling. By analyzing the emission products of MVs, we can
gain valuable insights into deeper-seated processes.

In addition to seeping features that can be directly observed at or near the seabed, cold seep
systems also comprise two internal elements, the overpressured sources (source of the fluids)
and the plumbing system (Talukder, 2012). The development of cold seep is mainly driven by
overpressure formed at depth, through mechanical (disequilibrium compaction) and
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diagenesis-related chemical processes. Fluid production processes such as clay mineral
dehydration and hydrocarbon formation are two of the major fluid supplies associated with
cold seep, further contributing to overpressure by fluid expansion (Osborne and Swarbrick,
1997). Both of these chemical processes are driven by elevated p-T conditions with increasing
burial depth. A large number of studies attested that hydrous minerals (e.g., smectite, opal) lose
their interlayer water or change mineral phase during dehydration and form deep-seated
aqueous fluids (Kastner et al., 2014). One of the prominent types of dehydration processes is
the smectite to illite transformation, which primarily occurs between 60 and 150 °C with the
initiation of the transformation at 67-81 °C through the loss of the 2rd water layer (Colten-
Bradley, 1987). The transformation continues to 250 °C for the loss of the remaining water
layer. In the gaseous phase, methane is the predominant component of seeping fluids
documented in various cold seep sites. Due to sediment burial to several kilometers depth and
tectonic processes such as underthrusting, organic matter are exposed to elevated p-T
conditions and experience degradation. There are two main sources of methane, which include
shallow-formed biogenic methane and thermogenic methane from thermocatalytic cracking of
organic material (kerogen). By far, the majority of studies on hydrocarbons at cold seeps point
to a thermogenic origin. The conversion of kerogen to light hydrocarbons within a closed
system can produce a large volume increase of up to 25%, boosting the development of an
overpressured source layer in the sedimentary column (Meissner, 1978; Osborne and
Swarbrick, 1997). The transport pathway between the overpressured source and the seafloor
manifestations is referred to as the plumbing system. There are several geological features
associated with plumbing systems, including structural (faults and fractures), stratigraphical
(e.g., higher permeability sedimentary layers), and intrusion-related (sand intrusions, salt and
mud diapirs) (Cartwright et al., 2007; Talukder, 2012). Faults and fractures are the most
ubiquitous plumbing systems, closely associated with and integrated into intrusion-related
features, e.g., salt/mud diapirs. Besides, faulting and fracturing are one of the most important
triggers in facilitating fluid flow ascent. A large number of studies have shown that the location
and distribution of deep-rooted cold seeps on the seabed are controlled by faults in many places.
In the eastern Nankai accretionary wedge, cold fluid venting linearly aligned, corresponding to
a surface expression of the shallow detachment faults (Kobayashi, 2002). In the eastern
Mediterranean, pockmarks most frequently occur near MVs and along fault lines (Dimitrov
and Woodside, 2003). And most of the MVs in the Gulf of Cadiz follow the main trends of
thrust-related diapiric ridges and strike-slip faults (Medialdea et al., 2009).

1.2 Mud volcanoes

Among various cold seep features, mud volcanoes (MVs) are formed when sediments and
fluids are transported together, piercing through the surface (Kopf, 2002; Suess, 2014). In
response to localized and concentrated mud and fluid fluxes in multiple eruptive phases, cone-
shaped to shield-like edifices are built up, making MVs an obvious positive structure on the
seafloor (Kopf, 2002). They occur in a wide variety of geological environments, with
convergent plate margins fueling the most abundant MVs confirmed and inferred to date
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(Milkov, 2000; Mazzini and Etiope, 2017). The most affected areas can be found in the
Mediterranean Sea and Tethyan Belt, which spans from south of Greece over the Black and
Caspian Sea into Azerbaijan, the Crimea and Taman Peninsulas, Iran and Turkmenistan into
the Makran coast (Kopf, 2002). With the Training-Through-Research Programme (TTR)
extending the research area outside the Mediterranean and discovering large fields in the Gulf
of Cadiz and in the Norwegian Sea, many other projects were prompted and followed, in
particular, in the Gulf of Cadiz, Alboran Sea, Anaximander Mountains, and Nile Deep Sea Fan
(Mazzini and Etiope, 2017).

MVs commonly refer to constructional edifices at the seafloor that are formed through a series
of natural processes. To describe the set of structures associated with mud volcanism from
source to extrusive, Stewart and Davis (2006) introduced the term “mud volcano system”,
which comprises three main components: a source stratigraphic succession, mud volcano
conduits (intrusive complexes), and mud volcanoes (outcropping or buried extrusive edifices)
(Figure 1-2).
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Figure 1-2. A schematic diagram illustrating basic structure and main elements of a conical
mud volcano, and highlighting subdivisions of a mud volcano system (modified from
Cartwright et al. 2023, Ceramicola et al., 2018, and references therein).



As the surface expression of mud mobilization, mud volcanoes (MVs) are the well-studied part
of the whole system due to their easy accessibility, particularly in the case of terrestrial MVs
(Yusifov and Rabinowitz, 2004; Mazzini et al., 2009). The size and geometry of MVs can vary
significantly, with diameters and heights ranging from meters to tens of kilometers across and
reaching heights of hundred meters (Orange et al., 2009). Based on the angle of edifice flanks,
the morphologies of MVs range from classical conical shapes to laterally extensive shield-like
shapes (Kopf, 2002). The resulting morphologies are controlled by numerous factors such as
the nature, relative proportions and volume of extruded material, and the frequency and vigor
of eruptions (Dimitrov, 2002; Kopf, 2002; Mazzini and Etiope, 2017). For example, gas-
dominated and powerful short-lived eruptions typically result in a blocky morphology, whereas
frequent eruptions of low (water dominated) and high viscous (sediments dominated) mud
breccia give rise to flat mud pies and classical mud cones, respectively (Dimitrov, 2002; Kopf,
2002). In addition to a close link to the morphology, the products of emission possess preserve
(part of) the original signature, serving as windows into deeper processes. The emission
products of MVs are normally a mixture of gas, aqueous fluids, and sediments. These products
may originate from different stratigraphic layers, ranging from shallow origins to considerable
depths below the surface (Kopf, 2002). Extensive research has been conducted to investigate
the chemical properties of the released gas and fluids, as well as the lithological and
mineralogical characteristics of the sediments, aiming to elucidate their respective origins and
relevance to elements cycles (e.g., Planke et al., 2003; Aloisi et al., 2004; Gennari et al., 2013).

The gases emitted by MVs typically consist of light hydrocarbons, with methane (both biogenic
and thermogenic) usually accounting for over 80 vol% (Mazzini and Etiope, 2017), while in
some cases associated with hydrothermal fluid circulation, the gas phase may be dominated by
COz2 due to magma degassing (Sheppard et al., 1992; Chiodini et al., 1996). Because methane
is known as a powerful greenhouse gas, many studies (e.g., Kopf, 2003; Milkov et al., 2003;
Vanneste et al., 2011; Etiope et al., 2019) have made an effort to estimate the methane flux rate
from MVs, in order to investigate the role of MVs in the atmospheric methane budget (Figure
1-3). The aqueous fluids expelled from submarine MVs generally exhibit significant
differences in composition compared to seawater. They represent a mixed result of chemically
distinct formation water from various depths reacting with rocks and sediments during their
migrations through vertical conduits spanning kilometers in size (Kastner et al., 1991; Kopf.,
2002). The inherited signatures of aqueous fluids can serve as a proxy for tracing processes at
depth, especially in cases where in situ samples may not be accessible (e.g., Hulme et al., 2010).
Furthermore, the expelled aqueous fluids can be utilized to understand water-rock interactions.
In deep sedimentary oil-bearing basins, they can provide important information for evaluating
the petroleum potential (e.g., Milkov, 2005). In the case of marine M Vs, the expelled fluids are
intimately linked to many processes, including anaerobic oxidation of methane, gas hydrate
formation, clay mineral dehydration, and hydrothermal activity, which will be discussed in
Section 1.3.
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Figure 1-3. Geologic sources of methane and global output into the atmosphere by combining
literature estimates and recent updates from Etiope and Schwietzke (2019) and references
therein. A global estimate of methane flux from MVs is based on data collected from Etiope
and Milkov (2004).

For the emitted sediments, Cita et al. (1989) introduced the term 'mud breccia' to describe
specific sediments associated with mud volcanoes. Mud breccia refers to a clay mineral-rich
mud matrix that contains clasts of varying sizes and lithologies. As the edifices are constructed
through different mudflow generations, different phases of outflowing mud breccia can be
traced on the flanks of the structures (Kopf et al., 1998). The source stratigraphic succession
of MVs is typically a thick, under-compacted series of clays or shales (Yassir, 1989). Analyzing
the erupted mud breccia can offer valuable insights into their origins and formation processes.
The mud breccia clasts usually present high variability in size and lithology, reflecting the
characteristics of the surrounding rocks and sediment layers encountered during the ascent of
mud (Staffini et al., 1993; Kopf, 2002). The incorporation of these clasts into the mud breccia
matrix results from the forceful expulsion of materials during the eruption process. In
comparison with the difficult interpretation and attribution of mud breccia clasts, the mud
breccia matrix provides a more comprehensive representation of the whole breccia framework
and can shed light on the origin of the mud source stratigraphic succession. The
micropaleontological studies carried out on the matrix can give assess to date the age of the
source sediments involved in mud-breccia extrusion, which can further enable the
identification and differentiation of elements from both the source layer and the overlying
sedimentary sequence (Pinheiro et al., 2003; Gennari et al., 2013). Through mineralogical
analysis, the clay mineral composition of the matrix can reflect the thermal maturation stage of
clays, e.g., the degree of smectite-to-illite conversion, and thereby indicate a shallow or deep
burial history (Martin-Puertas et al., 2007). Based on the analysis of total carbon contents, lipid
biomarkers, and vitrinite reflectance, the depositional environment, thermal maturity, and



burial depth of the matrix can be constrained, defined, and estimated (Schulz et al., 1997; Kopf
et al., 2000; Stadnitskaia et al., 2008). As MVs often serve as the surface expression of
petroleum seepage, frequently linked to natural gas or oil reservoirs, they are generally
considered a part of the petroleum system (Abrams, 2005; Etiope, 2015). The study of mud
breccia matrix can further reveal the hydrocarbon potential of their source stratigraphic
succession.

In order to gain deeper insights into the processes that facilitate the ascent of the source
stratigraphic succession, the study of MVs' formation mechanisms receives increasing attention.
The main engine driving the formation of MVs is the combination work of excess pore fluid
pressure (overpressure) and buoyancy (e.g. Kopf, 2002; Revil, 2002). The source stratigraphic
succession of MVs is typically a clay-bearing strata, which exhibits an overall lower density
compared to surrounding sediments, leading to a density inversion. As asserted by Kopf(2002),
such density inversion is the prerequisite for MV initiation, allowing the sediment body start
to ascend. The build-up of overpressure within the strata can further support and accelerate the
motion upwards. The principal cause of overpressure generation is disequilibrium compaction,
occurring under the circumstances of rapid sedimentation and tectonic compression (Judd and
Hovland, 2007). During burial, pore fluids become trapped in fine-grained sediments,
preventing their drainage and leading to an increase in the pore fluid pressure. In addition to
physical processes, a range of chemical mechanisms can also contribute to overpressure build-
up (Maltman and Bolton, 2003). The most cited ones are associated with fluid production
processes, including smectite-to-illite transformation (aqueous fluid) and hydrocarbon
generation (gas). There are two potential outcomes and models have been considered. Driven
by buoyancy contrasts, the underlying sediment will push through the cap sediment to flow as
a coherent sediment mass (buoyancy model), while the excess pore fluids will induce the
fluidization of sediment particles (hydraulic model) (Brown, 1990; Dimitrov, 2002; Jonk,
2010).

To identify and characterize the source regions for MVs is a challenging task, and the methods
employed often rely on the analysis of extruded products (e.g., Deville et al., 2003; Praeg et al.,
2009) or more direct seismic imaging techniques (e.g., Graue, 2000; Kirkham et al., 2017;
Dupuis et al., 2019). Stewart and Davies (2006) introduced the term "depletion zone" to refer
to the thinning areas at their parent stratigraphic unit where the depletion of parental fine-
grained sediments has been mobilized and transported to the surface. Recently, Cartwright et
al. (2023) documented 86 depletion zones associated with MVs in the western Nile Cone,
offshore Egypt, characterized by circular to elliptical planforms with a bowl or conical
geometry. However, sediments and the liquid-gaseous fraction of the fluid are often not
syngenetic (Kopf, 2002). The depletion zone characterizes the source stratigraphic unit for
sediments, while the identification of the root for fluids mainly relies on their geochemical
fingerprint (e.g., Planke et al., 2003).



The MV conduits represent the transitory part from the source stratigraphic unit to the
constructional edifices at the seabed, which is the most complex and the least known of the
MV system (Kirkham et al., 2018). The understanding of MV conduits mainly rely on
geophysical approaches i.e., seismic imaging. However, obtaining a clear image of MV
conduits is challenging, due to their complex composition of brecciated and mixed lithologies
resulting in high heterogeneity, and significant fluid presence attenuating the seismic signal
(Mazzini and Etiope, 2017; Kirkham et al., 2018). With the recent advances and availability of
3D seismic data, MV conduits are primarily identified as pipe-like structures (Davies and
Stewart, 2005; Kirkham et al., 2018; Oppo et al., 2021). But detailed analysis of the geometry
and expression of MV conduits remains limited. Based on the crater formation study of recently
erupted MVs offshore Egypt, Pryce et al. (2023) proposed that during the initial phase of mud
volcanism, their genesis was characterized by highly vigorous eruptions of a predominantly
gas (methane) and water mix, and the edifice construction was built by subsequent mud
extrusion. This is consistent with the observations that there are similarities between the early
stages of MV conduits and the fluid escape pipes (Kirkham et al., 2018; Figure 1-4). Through
the progressive inclusion of larger quantities of fine-grained sediment into the migrating fluids,
the MV conduit gradually assumes its final geometry, reflecting an evolutionary outcome of a
fluid escape pipe (Cartwright, 2007; Huuse et al., 2010; Kirkham et al., 2018). The formation
of MV conduits involves sediment deformation to accommodate fluid and particle influx (Jonk,
2010). Two major processes, hydrofracturing and migration along faults, play significant roles.
Hydrofracturing occurs when fluid overpressure reaches the fracture pressure of an overlying
layer, leading to the opening of impermeable barriers (Revil, 2002). This allows for the local
fluidization and brecciation of sedimentary units. Faults, on the other hand, serve as the
frequently encountered and effective pathways for the migration of fluids and fluidized
sediments. One key issue is that faults exhibit dual behavior regarding fluid migration,
functioning either as sealing or leaking structures (Smith, 1980; Sibson, 1995; Cartwright et
al., 2007). Faults with damage zones exhibit higher permeability compared to their host
sequences, frequently serving as major flow routes (Talukder, 2012). These pathways can
persistently facilitate cross-strata migration and are particularly prone to acting as fluid valves
during active rupture. However, in most cases, fault zone rocks exhibit lower permeability than
their host rocks, with horizontal stress typically leading to fault closure, thus acting as barriers
to fluid migration (Talukder, 2012). These faults need to be dilated to behave as conduits. For
these faults to effectively act as conduits, they need a process of dilation, where high pore fluid
pressure plays a critical role in opening a fault and sustaining fault permeability (Sibson, 1988,
1996; Clennell et al., 1998). Faults commonly extend beyond 5 km in length and can cross
thick sealing sequences, endowing them with the capability to serve as extensive conduits for
the vertical transport of significant fluid and sediment flux over long distances (Hooper, 1991).



Conduit evolution N

Figure 1-4. Conduit evolution from fluid escape pipe to mud volcano conduit (modified from
Kirkham et al., 2018). (A) A fluid escape pipe with a seafloor pockmark at its upper terminus.
(B) A fluid escape pipe with a pockmark at its upper terminus that exhibits a sedimentary fill
that is possibly extrusive. (C) A pipe-like conduit overlain by a mud cone at the seafloor,
potentially the formation of a juvenile mud volcano. (D) A mud volcano conduit feeding a
relative small extruded mud edifice. PM, pockmark; PMF, pockmark fill; MC, mud cone; ME,
mud edifice; C, conduit; T4, trail of amplitude; Cst, crest; M, horizon M (top-salt); N, horizon
N (base-salt). The seismic profiles are sourced from Kirkham et al. (2018), and the locations
of lines j-j’, k-k’, I-I’, and m-m’ can be found therein.

Mud volcanism is characterized by its inherent episodic nature. The occurrence of eruption is
primarily regulated by the local stress and pressure regime within the source stratigraphic
succession (Deville and Guerlais, 2009). The dynamic changes in the fluid pressure govern the
cyclic phases of activity, which are characterized by alternating periods of eruption and
dormancy. In the evolutionary models of MVs (Leon et al., 2007; 2012; Menapace et al., 2019),
the activity of MVs can be divided into four successive phases: 1) eruption, violent eruptions
of mud breccia and formation of the MV edifice (Figure 1-5A); i1) depletion, moderate to slow
fluid seepage through cracks, gryphons and adjacent high permeable surroundings (Figure 1-
5B); ii1) quiescence and build-up, subsidence of the edifice forming the moat around MVs and
accumulation of fluid pressure (Figure 1-5C); and iv) re-activation, breakout of an eventual
“plug” and a new episode of active mud flow extrusion (Figure 1-5D). Multiple extrusive
activities throughout the lifespan of a MV have been confirmed through drilling and seismic
imaging, where mudflow deposits interfinger with hemiplagic background sediments giving
rise to a typical “Christmas tree” geometry at shallow levels (Robertson and Kopf, 1998).

10



However, eruptions commonly last only a few days or less, standing as a remarkably brief
period in a broader temporal framework of a MV’s lifecycle (Mazzini and Etiope, 2017). It is
during the short duration of eruptive phases that a considerable volume of materials,
prominently encompassing mud breccia, is vigorously expelled to the surface and build the
bulk of the MV edifice, embodying the intensity and efficiency of these eruptive events (Kopf,
2002). In contrast, interval phases of depletion and quiescence that separate different eruptive
events account for a big part of the MVs’ life cycles (over 95-97%; Kopf, 2002; Menapace et
al., 2019). These long periods, despite their relatively subdued character, exhibit a significant
influence on fluid budgets due to the continuous seepage of fluids, comparable to the effects
observed during the violent eruptive phases (Etiope et al., 2007; Etiope et al., 2011; Hong et
al., 2013).

(A) Active mud flow extrusion (B) Moderate to slow seepage

&

(C) Latent conditions (D) Re-activation

2 /\33/_\

Figure 1-5. Four fundamental stages of MVs evolution (modified from Leon et al., 2007).

1.3 Pore fluid geochemistry

Pore waters are aqueous solutions present within the pore spaces between particles in sediments
or rocks, generally originating as seawater trapped from the overlying water column (Chester
and Jickells, 2012), and can be extracted from sediments with Rhizon samplers attached to
syringes (Dickens et al., 2007) (Figure 1-6). During progressive burial, the sediment-pore water
continuum has experienced a series of processes such as compaction, dissolution of detrital
minerals and precipitation of authigenic minerals (Chester and Jickells, 2012). These
alterations lead to changes in the composition of pore waters and thus make pore water
composition a repository of crucial insights into fluid-rock interactions, geochemical cycles
and microbial activities within cold seep systems.
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Figure 1-6. Pore water extraction with rhizons and syringes from gravity cores (A) and MeBo
cores (B) (pictures taken from R/V Meteor cruises M149 and M167).

Early diagenesis occurs in sediments and rocks during their initial burial stages (Figure 1-7),
typically within a burial depth up to a few hundred meters and under temperatures similar to
those at the seafloor (Berner, 1980). It acts as a bridge between the initial sedimentation and
more advanced diagenetic alterations that occur under deeper burial conditions and higher
temperatures. During early diagenetic processes, organic matter undergoes alteration through
a combination of microbial activity, chemical reactions, and physical processes (Berner, 1980).
At cold seeps, anaerobic oxidation of methane (AOM) is the key process occurring in shallow
subsurface sediments, regarded as a major sink for methane (Hinrichs and Boetius, 2002;
Reeburgh, 2007). AOM is a microbial process mainly taking place in anoxic sediments, within
the topmost layers affected by seawater sulfate penetration. Downward diffusing sulfate and
upward migrating methane are utilized by a consortium of sulfate-reducing bacteria (SRBs)
and methanogenic archaca (ANMEs) (Boetius et al., 2000).

CH,+ S0;~ - HS™ + H,0 + HCO3 e.q.(1.1)
The collaboration between these two microbial groups occurs within a zone known as the
sulfate-methane transition zone (SMTZ), where sulfate becomes nearly depleted, and methane
concentration exhibits a significant increase with depth (Borowski et al., 1996, 1999). The
distinctive concentration distribution of methane and sulfate, exhibiting a concave-up shape for
methane and a concave-down shape for sulfate, can be recognized at numerous cold seeps,
signifying the occurrence of AOM processes (Boetius et al., 2000; Bohrmann et al., 2003;
Werne et al., 2004). This process results in bicarbonate production, which in turn increases
alkalinity, and also triggers the precipitation of different authigenic minerals such as carbonates,
gypsum, and iron sulfides (e.g., Ritger et al, 1987; Luff and Wallmann, 2003; Schoonen, 2004).
This fundamental contribution of AOM to the formation of methane-derived authigenic
carbonates (MDACS) is evident through AOM-specific lipid biomarkers that exhibit '3C-
depletion and are incorporated into the composition of MDACs (Hinrichs et al., 1999; Orphan
et al., 2001). AOM can lead to the consumption and buffering of over 90% of methane,
underscoring its crucial role in mitigating methane release into the water column and
atmosphere (Reeburgh, 2007). Due to its importance, numerous studies have concentrated on
unraveling the mechanisms of AOM at cold seeps. In the Gulf of Cadiz, extensive methane
venting known to have occurred in the past, as evidenced by the widespread distribution of
MDACs (Diaz-del-Rio et al., 2003), contrasts with present-day methane emissions, where
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complete methane consumption in the seafloor is measured for MVs across the region, showing
lower seepage rates than other submarine MVs (Niemann et al. 2006a, 2006b; Hensen et al.
2007).
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Figure 1-7. Schematic graph showing early diagenetic geochemical zonation of marine
sediments (modified from Kasten et al., 2003, Henkel, 2011). The classification of redox zones
is presented on the left side (Froelich et al., 1979; Berner, 1981). The zones of dissolution and
authigenic formation of selected minerals are shown on the right side. SM7Z Sulfate-methane
transition zone; D dissolution; P precipitation/formation.

Gas hydrate formation and dissociation is another important diagenetic reaction that is closely
associated with cold seeps and occurs within the uppermost kilometer of marine sub-seafloor
sediments (Kastner et al., 1991). The prevalence of gas hydrates in cold seep settings arises
from a combination of factors ensuring their stability. The necessary conditions are facilitated
by: 1) relatively low seafloor temperatures; ii) deep-water depths where the pressure is
sufficient for gas hydrate stability; and iii) the involvement of migrating methane from deep
subsurface reservoirs. Thus, cold seeps, like MVs, serve as an important indicator of potential
gas hydrate presence (Mazurenko and Soloviev, 2003). Reported findings from cold seep
development areas include the Gulf of Mexico (Boswell et al., 2012), the Black Sea (Minshull
et al., 2020), the Nankai Trough (Colwell et al., 2004), etc. In the Mediterranean Sea, the
eastern region, including the Olimpi Field, the Nile Fan, and the Anaximander Seamount, is
expected to host a significant amount of gas hydrates (Merey and Longinos, 2018; Minshull et
al., 2020), and in the Gulf of Cadiz gas hydrates have been inferred and retrieved from several
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MVs (Gardner, 2001; Depreiter et al., 2005). The occurrence of gas hydrates modifies the
chemistry and isotopic compositions of pore fluids, exhibiting anomalies in CI concentrations
and O and H isotopes. This is attributed to gas hydrates excluding Cl from their lattice structure
and favoring the incorporation of heavier isotopes of O and H in their cage water (Hesse and
Harrison, 1981; Ussler and Paull, 1995). Dissociation of gas hydrates, therefore, results in an
increase in 8'30 and 8D of the diluted pore water (low Cl concentrations).

Clay mineral dehydration, specifically the transformation from smectite to illite, represents
another important reaction responsible for the evolution of low Cl fluids observed in many cold
seeps (e.g., Saffer and Bekins, 1998; Hiipers and Kopf, 2012). The decrease of Cl in pore waters
can be attributed to the released water during this transformation process, consequently leading
to the dilution of ambient pore water. In general, this process may be expressed as a reaction
of smectite and K to illite, Mg, Na, minor elements such as Sr and Li, and H20 (Scholz, 2010).
The optimal temperature range for smectite-illite transformation is between 60 and 150 °C
(Freed and Peacor, 1989; Srodon, 1999), which allows the reaction to occur over a considerable
depth interval of several kilometers depending on the regional geothermal gradient. Its
occurrence can be identified through water isotopic studies, as the interlayer water released
from the expandable smectite structure is characterized by positive 5'%0 and negative 5D values
(Sheppard and Gilg, 1996). This distinct geochemical signature enables the distinction between
different causes of pore fluid freshening, whether it's due to gas hydrate dissociation or clay
mineral dehydration. Pore water freshening has been noted in many MVs, including the
examples studied in this thesis: the Milano MV in the Mediterranean Sea and the Ginsburg and
Yuma MVs in the Gulf of Cadiz. While the initial interpretation of this phenomenon in both
regions was linked to gas hydrate decomposition (e.g., De Lange and Brumsack, 1998;
Mazurenko et al., 2003), it has since been widely acknowledged as being caused by clay
mineral dehydration (e.g., Ddhlmann and De Lange, 2003; Hensen et al., 2007).

In the case of deep burial or hydrothermal activity, the fluid—sediment alteration is
characterized by high temperature and pressure, and the reactions with the oceanic or
continental basement rocks can occur. But the basement fluids enter the sediment column is
generally limited to the place where sediments are thin or in the proximity of faults (Spinelli et
al., 2004; Fisher, 2005). Fluid circulation in the crust plays a central role in marine systems,
primarily by facilitating the transport of heat and dissolved constituents (Suess, 2014).
Generally, basement fluids tend to undergo greater geochemical evolution as basement
temperatures rise. These temperatures are often dictated by the thickness of the overlying
sediments. However, once the basement is fully sedimented, or if active tectonic processes
cease to maintain permeability, it's unlikely for basement fluids to establish a hydrological
connection with the ocean (Manning and Ingebritsen, 1999). In the cold seep environment,
there have been reported findings of deep-sourced fluids, some of which may originate from
the basement. An exceptional case can be observed in the Mariana Trench, where serpentinite
MVs are found. The serpentinite materials forming these MVs result from the interaction of
fluids originating from the subducting plate (Pacific Plate) with ultramafic rocks rich in olivine,
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specifically harzburgite, within the overlying plate (Philippine Plate), thereby reflecting the
impact of basement fluids on the sediment column (Fryer et al., 2020; Wheat et al., 2020).
More direct support can be found at the South Chamorro Seamount located west of the Mariana
Trench, where pristine deep-sourced fluids, enriched in sulfate and methane, originating from
the subduction channel can reach the seafloor unchanged within the central conduit (Wheat et
al., 2020). In the Mediterranean Ridge and the Gulf of Cadiz, seep fluids at MVs exhibit
characteristics of the high-temperature regime (Hensen et al., 2007; Scholz et al., 2010a), with
those for the later even displaying evidence of fluid-sediment interaction within hydrothermal
regimes (>200 °C; Scholz et al. 2009).

1.4 Motivation

As previously introduced, numerous previous studies have significantly advanced our
comprehension of cold seeps, particularly those related to MV systems, encompassing geologic
characteristics, geochemical processes, and biodiversity and ecology. However, there are still
many research questions to be learned and improved. This thesis applies a range of
methodologies, primarily focusing on pore water geochemical analysis, to a set of cores
collected from the MVs in the Gulf of Cadiz. The aim is to address the following topics:

(1) What is the role of MVs in deep-seated fluid and solid migration through the Gulf of
Cadiz accretionary prisms?

The Gulf of Cadiz, situated offshore SW Iberia and NW Morocco, is an area of geological
complexity that is grabbing increasing attention in the fields of mud volcanism and various
phenomena associated with fluid seepage. While the occurrence of deep water MVs is closely
tied to a set of strike-slip faults mediating fluid flow, the research on the correlation between
MVs and faults, particularly in the context of the transform plate boundary traversing the
accretionary wedge, remains relatively scarce. Based on the investigation of six MVs in
locations adjacent to major strike slip faults, this study seeks to define fluid and solid
mobilization depth and to identify the processes occurred during their ascent through the
accretionary prism. Thus, the study focuses on understanding the role of M Vs in relation to the
faults and their variations between different parts of the accretionary prism.

(2) How do mud volcano geomorphological features affect the MVs’ fluid circulation
system?

The evolving surface characteristics of MVs, including their morphology (mud flows, caldera
collapsing, moat development), eruptive behavior (violent eruption, quiescent seepage), and
product composition (fluidized sediments, gas and pore water), serve as indicators of the
dynamic subsurface conditions, including variations in the source, alterations in reservoir
pressure, and the influence of mud volcano conduits on fluid flow (whether enhancing or
inhibiting). A deeper understanding of the evolution of these factors and the complex
relationships among them require further investigation. During the M149 cruise, distinct
salinity patterns (freshening at the summit vs. salinization at the moat) were detected at the
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Yuma and Ginsburg MVs in the Gulf of Cadiz, and Dahlmann and de Lange (2003) previously
reported similar spatial distributions of Cl concentrations at the Milano MV in the
Mediterranean Ridge. This spatial variation in chemical and fluid fluxes provides excellent
data to further illuminate the structural implications behind its surface performance.

(3) To what extent do transform faults play a role in deep hydrologic cycle?

In the study of fluid seepage, faults are among the most crucial elements, as they not only act
as triggers for the formation of various cold seeps such as mud volcanoes and pockmarks but
also function as integral components of the cold seep system by providing fluid pathways.
While numerous venting and seepage activities are characterized by tectonic control and have
been extensively studied along convergent plate boundaries, reported findings of fluid activity
from transform faults are relatively limited. Across the Gulf of Cadiz, a set of WNW-ESE
trending strike-slip faults forms the easternmost segment of the prominent transform system
known as the Azores-Gibraltar fracture zone (AGFZ), making it a suitable area to study fluid
flow along transform faults and allowing for comparisons with the fluids from nearby cold seep
sites (MVs and pockmarks). Hence, this study primarily focuses on the chemical analysis of
fluid composition, aiming to elucidate the impact of transform faults in concentrating crustal
signals from the depths.

1.5 Outline of this cumulative dissertation

The research presented in this doctoral dissertation was carried out at the MARUM — Center
for Marine Environmental Sciences, University of Bremen, under the guidance of Prof. Dr. A.
Kopfand Dr. W. Menapace. The specimens utilized in this doctoral dissertation were collected
during the R/V Meteor research cruises M149 and M167 and the INSIGHT Leg 1 and 2 cruises
(2018 and 2019). This dissertation is structured into five distinct chapters and encompasses
three first-authored manuscripts. The primary content of each chapter is outlined below.

Chapter 1: This chapter serves as an introduction to this Ph.D. dissertation. It introduces the
state-of-the-art knowledge in the field of seabed fluid flow, mud volcanoes and pore water
geochemistry, outlines the motivations driving this Ph.D. study, details how this Ph.D. research
is carried out, provides an overview of the main content covered in each chapter, and describes
my individual contributions to each manuscript.

Chapter 2 (Manuscript I): Mud volcanoes in the Gulf of Cadiz as a manifestation of
tectonic processes and deep-seated fluid mobilization

This chapter focuses on the topic (1). Six MVs adjacent to major strike-slip faults in the Gulf
of Cadiz, with three of them newly discovered during the R/V Meteor cruise M149, have
undergone investigation utilizing a combination of morphology, sedimentology, physical
properties, mineralogy, and geochemistry. The selected MVs are located along different strike-
slip fault segments and are supposed to be hydraulically connected to deeper sedimentary layers,
either through adjacent fault zones or deep-seated feeder channels. Based on marked variations
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of morphologies and geochemical signals, their role in deep-seated fluid and solid migration
through different parts of the Gulf of Cadiz accretionary prism has been defined. This work has
been published on Marine and Petroleum Geology.

Chapter 3 (Manuscript II): The rise and fall of mud volcanoes: geophysical insights and
geochemically enigmatic fluid signatures

This chapter focuses on the topic (2) to further investigate the relationship between the evolving
surface characteristics and the dynamic subsurface conditions within a MV. Five M Vs situated
in the Gulf of Cadiz and the Mediterranean Ridge have been studied. Among these MVs, three
display variations in fluid compositions between their summits and moats/rim areas, while the
other two exhibit different fluid seepage activities, representing different stages of evolution.
By employing fluid geochemistry, pore water modeling, and high-resolution seismic data, fluid
pathways associated with the MV rims have been identified, distinct from the central conduits
within these MV structures. When related to the MVs evolution in the depletion and quiescence
periods, the changing fluid composition as well as the fluid flux reflect the involvement of
additional (shallow) fluid sources and the influence of mud volcano conduits on fluid flow
(enhancing or inhibiting).

Chapter 4 (Manuscript III): Ascent of fluids through km-thick sedimentary cover links
to active tectonics in the Gulf of Cadiz

This chapter addresses the topic (3), and shifts the focus from MVs to transform faults in order
to get a broader understanding of fluid seepage. This chapter examines the origin and
distribution of fluid circulation along the South West Iberian Margin (SWIM) fault zones which
form a transform-type plate boundary between Africa and Eurasia. Chemical and isotopic
analysis have been conducted on the fault fluids, and in-situ heat-flow data has been collected
across the fault. In comparison with the fluids from the nearby cold seep sites (MVs and
pockmarks), geochemistry data reveal that fault fluids interact intensely with Triassic
evaporites at depth and support the contribution of continental crustal fluids.

Chapter 5: This chapter provides a summary of the key findings from this Ph.D. dissertation
and offers prospects for future research on seabed fluid flow.

1.6 Contribution to the manuscripts

Manuscript I: Mud volcanoes in the Gulf of Cadiz as a manifestation of tectonic processes and
deep-seated fluid mobilization

S. Xu processed the multibeam data, conducted the Multi-Sensor Core Logger (MSCL)
experiments, prepared the samples for X-ray diffraction (XRD), Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES) and Ion Chromatograph (IC) tests, analyzed and
interpreted all the data presented in this study, prepared all the figures, wrote and revised the
manuscript.
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W. Menapace and A. Hiipers recovered all the sample used in this study during the R/V Meteor
M149, interpreted the data, and revised the manuscript. A. Kopf contributed to the discussions
and revised the manuscript.

Manuscript II: The rise and fall of mud volcanoes: geophysical insights and geochemically
enigmatic fluid signatures

S. Xu processed the multibeam data, prepared the samples for Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES), Ion Chromatograph (IC) and H, O, Sr isotope
measurements, wrote the MATLAB code for the advection-diffusion model, analyzed and
interpreted all the data presented in this study, performed all the calculations, prepared all the
figures, wrote and revised the manuscript.

W. Menapace recovered all the samples used in this study during the R/V Meteor M149 and
M167, advised on the research idea, interpreted the data, and revised the manuscript. R. Urgeles,
J. Ford, A. Calahorrano and R. Bartolomé collected the high-resolution seismic data during the
INSIGHT Leg 1 and 2 cruises (2018 and 2019), processed the seismic data, contributed to
interpretations and revised the manuscript. A. Kopf contributed to the discussions and revised
the manuscript.

Manuscript III: Ascent of fluids through km-thick sedimentary cover links to active tectonics in
the Gulf of Cadiz

S. Xu processed the multibeam data, prepared the samples for Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES), Ion Chromatograph (IC) and H, O, Sr isotope
measurements, established and wrote the MATLAB code for the three-endmember mixing
model, analyzed all the data presented in this study, performed all the calculations, prepared
all the figures, wrote and revised the manuscript.

W. Menapace and A. Hiipers recovered all the samples and heat flow data used in this study
during the R/V Meteor M149 and M167. W. Menapace advised on the research idea,
interpreted the data, and revised the manuscript. A. Hiipers interpreted the data and revised the
manuscript. A. Kopf contributed to the discussions and revised the manuscript.
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Mud volcanoes in the Gulf of Cadiz as a manifestation of tectonic

processes and deep-seated fluid mobilization
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Abstract

Numerous mud volcanoes (MVs) are scattered through the Gulf of Cadiz (GoC), most of which
are situated close to the WNW-ESE trending fault system in this region. In this study we have
investigated six MVs in locations adjacent to major tectonic lineaments with the purpose of
defining fluid and solid mobilization depth and ascent through the accretionary prism. Three
of them, R2, D2 and Funky Monkey MVs, were discovered during R/V Meteor cruise M149
in 2018. Their morphologies were characterized by multibeam bathymetry and vary from flat-
topped to cone-shaped, reflecting different nature of the emitted products and variable degrees
of activity. Mud breccias and pore fluids were sampled at the summits of all MV to determine
their physical properties and composition of the solid and liquid fractions. The physical
properties and lithological changes demonstrate recent activity of Yuma, Ginsburg, Meknes
and Funky Monkey MVs. At these sites, we traced back the origin of venting fluids to clay
mineral dehydration through major and minor elements geochemistry, high content of illite in
the mud breccia matrix and calculated reaction temperatures of 60-100 °C using the Mg-Li
geothermometer. Differences in fluid composition imply a dominant clay dehydration signal
in the shallow MVs and a stronger crustal input in the deeper MV (Funky Monkey). In contrast,
R2 and D2 MVs are textbook inactive mud domes, showing no venting and a chemical
composition/reaction temperature similar to seawater. If crustal input in MVs fluids will be
confirmed by subsequent studies (e.g., through Sr isotopes), this could lead to a rethinking of
fluid migration in the GoC, where transform faults (and MVs located close to them) focus the
crustal signal from depth. Based on the MVs active state and the geochemistry of the fluids,
we can distinguish which structure would be more suitable for further analyses (boron isotopes,
illite crystallinity) in order to identify possible sources of hydrocarbon-rich fluids channeled
through MVs.
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2.1 Introduction

Mud volcanoes (MVs) are well-known geological phenomena formed onshore and offshore by
the rapid eruption of ascending sediments and fluids from deep sedimentary layers (Milkov,
2000; Kopf, 2002; Menapace et al., 2017a). The morpho-structure of MVs generally consists
of a conical edifice varying in size and shape, formed by a feeder channel(s) rooted in the
source layer(s), which records the history of fluids and sediments extrusion (Planke et al., 2003;
Stewart and Davies, 2006). The main emission products of MVs — a mixture of gases (mainly
methane), overpressured pore water, and sediments (fine mud containing clasts) generally
known as mud breccia — offer a window into deep underlying sediments and their formation
processes at depth. Examples of such processes are: 1) diagenetic clay mineral transformation
(e.g., Kastner et al., 1991; Dahlmann and De Lange, 2003), 1) authigenic minerals precipitation
or dissolution (e.g., Luff and Wallmann, 2003; Gieskes et al., 2005), ii1) high-temperature
interactions of sediments and crust (e.g., You et al., 1995; Chan and Kastner, 2000), and iv)
microbial or thermogenic degradation of organic matter (e.g., Martin et al., 1993). Since MV
are related to enhanced geological, geochemical and biological activities and contribute to the
global fluid and element budgets (Judd and Hovland, 2007), they have been extensively
investigated and described worldwide since the early 1900s (Mazzini and Etiope, 2017).

To date, the majority of MVs are distributed in compressional settings, providing escape
pathways for overpressured fluids and sediments originating from greater depth (e.g., Kopf,
2002). The enhanced pore fluid pressure, which is the main driving force to initiate mud
volcanism, can be generated from recent tectonic activity, rapid sedimentation, disequilibrium
compaction, dehydration reactions, gas hydrate decomposition and hydrocarbon generation
(Dimitrov, 2002). As typical MVs emission products, hydrocarbon gases (predominantly
methane), which are generated from the burial maturation of organic-rich sediments, are
thought to sustain the buoyant ascension of fluidized sediments and trigger mud extrusion (e.g.,
Hedberg, 1974). MVs act as the surface expression of hydrocarbon seepage and migration,
providing sign of hydrocarbon potential in the deep-sited sediments and indicating the
redistribution of light hydrocarbon gases and petroleum in the region (e.g., Van Rensbergen et
al., 2005; Mazzini and Etiope, 2017). With the evolution of MV, its activity can be divided
into four stages (Menapace et al., 2017a): 1) eruption, active extrusion of mud breccia and
formation of the MV edifice; ii) depletion, fluid seepage through cracks, gryphons and adjacent
high permeable surroundings; iii) quiescence and build-up, subsidence of the edifice and
accumulation of pore pressure; iv) reactivation, new episode of active mud flow extrusion. The
various degrees of MVs activity, particularly i) and ii), are oftentimes linked to vigorous
hydrocarbon seepage. Therefore, identifying MV structures which are currently in one of these
two stages is a key step in order to estimate the most suitable targets for further hydrocarbon
exploration.

Over the last two decades, the Gulf of Cadiz (GoC) has become a target area for the study of
mud volcanism (e.g., Diaz-del-Rio et al., 2003; Somoza et al., 2003; Leoén et al., 2006).
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Numerous submarine MVs have been identified along both the Iberian and African margins
(Medialdea et al., 2009). According to several authors (e.g., Medialdea et al., 2009; Hensen et
al., 2015), the MVs in the GoC present a close relationship with the tectonic structures of the
region. In order to better investigate this connection, the M149 cruise was conducted in 2018
with R/V Meteor, focusing on both the GoC and the adjacent Alboran Sea. The expedition
aimed to collect records of past and current tectonic and fluid flow activity, targeting strike-
slip faults and adjacent MVs (Hiipers et al., 2020). During the M 149 cruise various seafloor
features have been investigated, whereas this article is specifically focusing on six MVs of the
GoC including the newly discovered R2, D2 and Funky Monkey, the known Yuma and
Ginsburg, and the isolated Meknes. The selected MVs are located along different strike-slip
fault segments and supposed to be hydraulically connected to deeper sedimentary levels either
through adjacent fault zones or deep-seated feeder channels (e.g., Scholz et al., 2009; Toyos et
al., 2016). Since active MVs generally represent high flux seepage and play a significant role
in the global budget of hydrocarbons and deep fluid circulation, identifying these structures
will elucidate the aforementioned relationships and provide information on tectonic activity of
the faults. Therefore, this work characterizes the MVs’ morphology by multibeam bathymetry,
and determines the properties and compositions of extruded sediments and fluids through
sedimentology, physical properties, mineralogy and geochemistry. In agreement with other
studies, which identified the major strike-slip fault systems in the region as fluid pathways
connected to nearby MVs (e.g., Hensen et al., 2015; Schmidt et al., 2018), this article further
reveals the various geochemical signals and sheds new light on their role in deep-seated fluid
and solid migration through the GoC accretionary prism.

2.2 Study area

The GoC is located west of the Strait of Gibraltar, offshore Southwestern Iberia and
Northwestern Morocco (Figure 2-1a). The tectonic evolution of the area is intimately linked to
the convergence of the Iberian and the African plates, which collided in a N-S direction from
Mid-Oligocene to Late Miocene and subsequently turned to a NW-SE direction from Late
Miocene to present (Dewey et al., 1989; Rosenbaum et al., 2002). Between the converging
Iberian and African plates, the Alboran Domain moved westward accompanied by folding and
thrusting of the frontal sedimentary layers during the Early-Middle Miocene, which contributed
to the development of the Betic-Rif Arc and the formation of an accretionary wedge (Gutscher
et al., 2002). The accretionary wedge has a roughly arcuate boundary on its lower part and is
divided in a northern and a southern lobe on its mid- to upper-part, occupying a central location
in the GoC (Figure 2-1a). During the Late Tortonian, a large wedge-shaped allochthonous mass
(the Allochthonous Unit of the Gulf of Cadiz, AUGC) constituted by a complex of imbricated
thrusts was then emplaced in the region from the Iberian and Morocco coasts to the Horseshoe
and Seine Abyssal Plains (Torelli et al., 1997; Maldonado et al., 1999; Medialdea et al., 2004).
The AUGC consists of a mixture of Triassic to Neogene sedimentary units (Maldonado et al.,
1999) and represents the thickest unit of the accretionary wedge’s sedimentary cover (Figure
2-2). It is heavily dotted by MVs and salt diapirs, which mobilize undercompacted Miocene
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marls and shales, and Triassic salt, respectively (Maestro et al., 2003). Across the accretionary
wedge, a set of WNW-ESE trending lineaments, which are right-lateral strike-slip faults (the
SWIM faults), form an active deformation band marking a modern transform plate boundary
through the GoC (Zitellini et al., 2009). The SWIM 2 and SWIM 3 intercept the northern and
southern segment of the accretionary wedge front and are referred to as the Lineament North
and the Lineament South in this study, respectively. The SWIM 1, in the middle, is the longest
lineament consisting of several segments, two of which are located within the southern lobe of
the accretionary wedge (e.g., Crutchley et al., 2011) and will be hereafter referred to as the
Lineament Center North and the Lineament Center South (Figure 2-1b).

Since the first MVs (Yuma and Ginsburg) were discovered in 1999 during the TTR-9 cruise
(Ivanov et al., 2000; Gardner, 2001), numerous seagoing expeditions have been conducted in
the GoC and over 90 M Vs have been confirmed from cone-like morphologies, seismic profiles,
coring of mud breccias and fluids geochemical analyses. These MVs are generally parallel to
major strike-slip faults or situated at fault intersections, suggesting that their formation and
fluid migration are closely tied to the activity of the adjacent fault system (Medialdea et al.,
2009). While few MVs are located in the Deep Portuguese field along the lower slope, most of
the MVs have been identified on the upper part of the accretionary wedge, in the Moroccan
field (offshore the Moroccan margin), and in the Tasyo and Guadalquivir Diapiric Ridge fields
(offshore the Spanish-Portuguese margin) (Figure 2-1a; Medialdea et al., 2009). These MVs’
edifices display variable morphologies from small and smooth to large and complex, with
symmetrical flanks in most sites and asymmetrical flanks mainly observed in the western
Moroccan field (Leodn et al., 2012). Their mud/fluid source layers are generally suggested to be
the AUGC and/or deeper stratigraphic units of Mesozoic age, supported by tectonic,
micropaleontological, and geochemical evidences (e.g., Pinheiro et al., 2003; Hensen et al.,
2007; Toyos et al., 2016). The seismic images from the GoC generally indicate the AUGC as
the potential sedimentary sources, while a deeper source below the AUGC is also proposed at
least for the deep water MVs (Medialdea et al., 2009). Micropaleontological investigations of
matrixes and clasts suggest predominant Eocene to Miocene ages with the oldest estimations
dating back to Upper Cretaceous ages (Ovsyannikov et al., 2003; Pinheiro et al., 2003). The
fluids emanating from the active MVs are considered to be mainly formed by clay mineral
dehydration occurring at up to 5 km depth below seafloor (Hensen et al., 2007). Crustal
components are also reported in the fluids of Captain Arutyunov, Bonjardim and Porto MV
(Hensen et al., 2007; Scholz et al., 2009), where the crustally derived fluids in the latter
structure are considered to be mediated by deep-reaching strike-slip faults (Hensen et al., 2015;
Schmidt et al., 2018). The hydrocarbon gases (mainly methane) and varying proportions of
petroleum in the mud breccia have predominantly a deep thermal origin, which was revealed
by molecular and isotopic analyses (e.g., Stadnitskaia et al., 2006; Nuzzo et al., 2009). Jurassic
and Cretaceous formations overlying the basement are considered as the main hydrocarbon
source rocks (Van Rensbergen et al., 2005; Nuzzo et al., 2019). Hydrocarbon exploration in
the GoC is mainly constrained to the Spanish shelf due to the intense tectonic deformation and
nappes emplacement. Nonetheless, Van Rensbergen et al. (2005) suggested that the fault-
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controlled MVs distribution could be consistent with seeping of hydrocarbon fluids through
the allochthonous complex and indicates the migration pathways as well as the potential
hydrocarbon accumulations in the region, especially in the eastern Moroccan field.
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Figure 2-1. a) Bathymetry map of the GoC with main tectonic and morphological features
depicted [modified from Cunha et al. (2012); bathymetry from the SWIM compilation of
Zitellini et al. (2009)]. The locations of the six MVs investigated in this study (red triangles,
Table 2-1), other MVs known to date (dark gray dots), as well as MV fields and major fault
zones are shown. CF Cadiz Fault, GF Gorringe Fault, HF" Horseshoe Fault, LN Lineament
North, LCN Lineament Center North, LCS Lineament Center South, LS Lineament South, MPF
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Marques de Pombal Fault, PSF' Pereira de Sousa Fault. b) Multibeam bathymetry map of the
main study area produced during the M149 cruise.
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Figure 2-2. Schematic W-E cross section of the GoC region (roughly following the Lineament
Center South) showing the main representative tectonic units [modified from Hensen et al.
(2015)]. AWF Accretionary Wedge Front, CPR Coral Patch Ridge. Vertical exaggeration: ~5x.

Table 2-1. Locations, morphological characteristics and gravity cores for the MVs presented
in this study.

Latitud L itud Water depth Height Di t
Mud Volcano Gravity Core atiude ongttude ater dep ©15 rameter

[°N] [°W] [m] [m] [m]

R2 GeoB23053-1 35°28.49' 7°24.25' 1163 75 900

D2 GeoB23054-1 35°28.82' 7°24.09' 1194 40 700
Yuma GeoB23028-1 35°25.46' 7°06.07' 959 218 4400
Ginsburg GeoB23024-3 35°22.36' 7°05.32' 908 280 3860
Meknes GeoB23043-2 34°59.07' 7°04.43' 694 80 1400
Funky Monkey GeoB23081-1 34°58.44' 8°37.95' 3143 42 1200

2.3 Methods

In this study, we employed multiple approaches to characterize six MVs. In order to determine
the activity state of the M Vs, their morphologies were examined by multibeam bathymetry,
and gravity cores were recovered from each MV for lithology determination and physical
property analysis. In addition, the mineral composition of the solids and the ion compositions
of the pore water were analyzed to unravel diagenetic processes and to trace mud/fluid sources.

2.3.1 Hydroacoustics

During cruise M 149, bathymetric data were acquired using a hull-mounted multibeam system,
the Kongsberg Simrad EM122. A frequency of 12 kHz and 432 beams per ping were employed
during operation and the maximum opening angle was up to 65° (130° in total), which was
reduced to 60° in waters deeper than 2000 m. The dimension of a single beam footprint is 1°
by 2° and the width of the swath can be up to six times the water depth on a flat bottom (Hiipers
et al., 2020). An equidistant beam spacing was used to ensure a high beam density at the swath
edge, and the acoustic velocity profiles were updated at least weekly or when the physical
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properties of the water body changed. We processed the multibeam data with the program MB-
System and visualized them by ArcGIS software. The pixel resolution of the bathymetric maps
is 50x50 m for the main study area and 20x20 m for the individual MVs.

2.3.2 Sampling

In order to sample the sub-seafloor sediments, a gravity corer consisting of a 1.5-ton-weight
head and a 6 m-long steel barrel equipped with a plastic liner was employed. Upon recovery,
the sediment-filled liners were segmented into sections of 1 m length and labelled according to
the GeoB scheme (MARUM-own system of cataloguing sediment cores). Firstly, pore water
specimens were collected from the cores for geochemical analyses. In contrast to sediment
sampling, pore water samples were taken from whole-round sections as soon as possible once
the cores were on deck, due to their time-sensitive nature. In a 4 °C laboratory, Rhizon samplers
attached to syringes were used to extract pore water from gravity cores by creating a vacuum
(Dickens et al., 2007). Three samples were taken per 100 cm, with a volume of up to 10 ml,
and stored in 20 ml air tight PTFE vials at 4 °C for subsequent analyses. Secondly, the cores
were cut lengthwise into a working half and an archive half. The working halves provided
sediment samples for X-ray diffraction (XRD) analyses, while the archive halves were mainly
used for core description, core imaging, and Multi-Sensor Core Logger (MSCL) measurements.
All core sections were imaged immediately after being split by using the SmartCIS 1600LS
line scanning system of the MARUM GeoB Core Repository. It was useful to freshly scrape
the cores immediately prior to imaging in order to capture the ephemeral nature of some
sedimentary features and colors. All images were acquired at a 500 dpi resolution.

2.3.3 Physical properties

The physical properties of the sediments are indicators of sediment composition and
environmental conditions, thus providing important constraints for the characterization of the
sediments (Strasser et al., 2014). In this study, magnetic susceptibility and wet-bulk density
were acquired using MSCL scans, to distinguish layers with different mineral content and
compaction states (e.g., Feseker et al., 2010). MSCL measurements were carried out on the
archive half of gravity cores at the MARUM-IODP Laboratory. Before the measurement, the
archive halves were taken out of the core repository and held at room temperature for several
hours to equilibrate with ambient temperature and the sediment surface was covered with foil
to prevent loss of pore water. Then, high-resolution magnetic susceptibility (dimensionless)
and wet-bulk density (g/cm?) records were obtained non-destructively with a sampling interval
of 2 cm.

2.3.4 Mineralogy

The mineralogical composition of matrix and clast from the mud breccia was analyzed by XRD
in the Crystallography Laboratory at the University of Bremen. For the mud breccia matrix,
specimens of 2-3 cm® were sampled from working halves, whereas clast samples with size of
1-3 cm were picked and carefully washed to remove contamination on their surface. All the
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samples were dried in a convection oven for 24 h at 105 °C and then grinded into fine powder
in an agate mortar.

In this study, 11 matrix and 8 clast samples were analyzed by a Philips X’Pert Pro©
multipurpose diffractometer. Mineral identification and quantitative analyses were carried out
using the QUAXO© software package following Vogt et al. (2002). The standard deviation of
the quantification is 1% for carbonates, £2% for quartz, and £5-10% for feldspars and clay
minerals.

2.3.5 Geochemistry

To determine the ion compositions in pore waters, 188 pore water samples from the six MVs
were analyzed in the Sediment Geochemistry Group at the University of Bremen. To determine
the concentrations of dissolved cations (i.e. Na, K, Ca, Mg, B, Li and Sr), we firstly used
concentrated HNO3 to dissolve any precipitates formed after sampling and then diluted the
samples 10-/20-fold with 1% diluted HNOs to acquire the desired concentrations for
measurements. After that, the diluted samples were introduced into an Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES). For the concentrations of anions (i.e. Cl’,
Br and SO4%), we firstly centrifuged the samples to remove any precipitates. Similar with
samples for ICP-OES measurements, the pore water samples were diluted 50-/100-fold with
Milli-Q water. Finally, 2 ml of the diluted samples was filled into a glass vial and measured
through an Ion Chromatograph (IC).

In addition, based on the Mg and Li concentrations determined with the above methodology,
the Mg-Li geothermometer was selected and applied to our geochemical data, in order to
calculate the source temperatures of the fluids. The equation for the Mg-Li geothermometer is

given by Kharaka and Mariner (1989):

2200
t= — 273 e.q.(2.1)

V29 4 547

log (77

where t (°C) is temperature and Mg and Li concentrations are in mg/I.

2.4 Results

2.4.1 Morphology

North of the Lineament Center North, the newly discovered R2 and D2 MVs are in close
vicinity to each other, situated at a water depth of 1163 m and 1194 m respectively. The R2
MYV in the southwest is a single cone elongated in the NE-SW direction, about 75 m high and
900 m wide, while the E-W elongated D2 MV in the northeast is composed of two partially
merged cones, about 40 m high and 700 m in maximum diameter (Figure 2-3). The flanks of
two MVs are generally homogeneous and continuous (Figure 2-3h, 2-31), with slopes of 5-15°
on the east and west sides and steeper slopes of 10-25° on the north and south sides. A moat of
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about 10-25 m deep can be recognized on the north and south sides and its deepest point is
located between R2 and D2 MVs (Figure 2-31).

Dome 1 Dome 2

Figure 2-3. Bathymetry (a, d, g, j, m) and slope gradient maps (b, e, h, k, n), as well as cross
sections (¢, f, i, I, 0) of the MVs analyzed in this study. a-¢ Yuma MV, d-f Ginsburg MV, g-i
R2 and D2 MVs, j-1 Meknes MV, m-o Funky Monkey MV. In the maps, locations of analyzed
gravity cores are also noted.
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About 30 km east of the R2-D2 group, the NW-SE aligned Yuma and Ginsburg MVs are two
of the largest M Vs in the area located at 959 m and 908 m water depth. While the Yuma MV,
218 m high and 4400 m in diameter, has three subcircular domes on top of the main edifice,
the Ginsburg MV, 280 m high and 3860 m wide, has a single dome on its summit covered by
scattered coral patches and rubble (Wienberg et al., 2009) (Figure 2-3). The flanks of two MVs
show a predominantly terraced morphology with variably steep slopes, where two terraced
sectors can be distinguished along the west and east flanks of the Yuma MV (Figure 2-3b, 2-
3c) and the terraced flanks are pronounced in the northwest and northeast sides of the Ginsburg
MV (Figure 2-3e, 2-3f). The slopes of two MVs mainly vary in the range of 8-15° and reach
maximum values of 17-25° at the base. A ring-shaped irregular moat can be recognized in both
MVs, with a maximum depth of 60 m on the northwest side of the Yuma MV (Figure 2-3b, 2-
3c¢) and 80 m on the southeast side of the Ginsburg MV (Figure 2-3e, 2-3f).

In close proximity to the Lineament Center South, the Meknes MV is an isolated MV in the
southernmost end of the Moroccan field, surrounded by small coral mounds (Akhmetzhanov
et al.,, 2007). It has a N-S elongated, sub-elliptical morphology, approximately 1400 m in
maximum diameter and 80 m in height, which contains a main cone with a flat top at 694 m
water depth and a smaller dome on the southern side (Figure 2-3). The flanks of the MV are
continuous with an average slope of 13°, which becomes gentler (2-8°) on the basal part (Figure
2-3k, 2-31). A minor moat was observed surrounding the cone (Figure 2-31).

Away from the predominant MV distribution, the Funky Monkey MV is located in the SW
edge of the accretionary prism with a water depth of 3143 m, on the Lineament South. It is
elongated in E-W direction with a maximum diameter of 1200 m and a height of 42 m, and has
a flat top which contains a slight, central depression (Figure 2-3). The slopes vary from 10-20°
for the upper part to 2-8° for the basal part (Figure 2-3n), and the MV shows a terraced
morphology on its east side (Figure 2-30), which is possibly related to different outflow
episodes. As the slope inclinations at the base gently decrease before reaching the seafloor, no
obvious moat is recognized around the cone.

2.4.2 Sediment characteristics

From the summits of R2 and D2 MVs, a 200 cm-long gravity core (GeoB23053-1) and a 35
cm-long gravity core (GeoB23054-1) were recovered at a water depth of 1163 m and 1194 m
respectively, presenting similarities in lithology and physical properties (Figure 2-4c, 2-4d).
The upper 27 cm and 20 cm of the core sections from R2 and D2 MVs present an oxidized
layer of foraminifera ooze, bioturbated, with coral/shell fragments, and the sediment color
gradually changes from yellowish brown at the top to gray at its lower boundary. The gray
foraminifera ooze at 27-143 cmbsf and 20-35 cmbsf of R2 and D2 MVs are bioturbated and
anoxic, containing mud clasts and bioclasts. While the bulk density of the foraminifera ooze
layer stays constant at 1.95 g/cm®, the magnetic susceptibility decreases generally with depth
from about 15*107 SI to 5*107° SI corresponding to the condition changes from oxic to anoxic.
Due to the limitation of the recovered core length of D2 MV, the sediments below the
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foraminifera ooze layer can only be seen in R2 MV. At 143-160 cmbsf the core is composed
by greenish gray nannofossil ooze with cm-sized shell fragments, showing physical properties
similar to the overlying anoxic foraminifera ooze. The cored sediments at 160-200 cmbsf are
greenish gray to very dark greenish gray, mud-matrix dominated mud breccia, containing semi
consolidated mud clasts. Between 168-187 cmbsf numerous carbonate concretions are also
present. Furthermore, a 2 cm-thick very dark greenish gray mud breccia, which has a high
content of fine disseminated pyrite crystals and a strong H2S smell, was observed at 173-175
cmbsf with sharp and straight top and bottom contact. Within the carbonates-rich mud breccia
layer at R2 MV, the bulk density and magnetic susceptibility reflect different signatures from
the upper section, showing lower values of 1.65-1.90 g/cm? and 0-7*10~ SI.

In contrast to the thick foraminifera/nannofossil ooze overlying the mud breccia facies at R2
and D2 MVs, the 289 cm-long gravity core (GeoB23028-1) recovered from Dome 1 of Yuma
MYV and the 255 cm-long gravity core (GeoB23024-3) recovered from the single dome of
Ginsburg MV are mainly consisting of mud breccias, with only 5 cm and 3 cm-thick olive
brown hemipelagic cover at the top respectively (Figure 2-4a, 2-4b). The anoxic, dark greenish
gray mud breccia of both Yuma and Ginsburg MVs has strong H2S smell and shows mousse
texture with degassing voids and open cracks. Correspondingly, the physical properties of
cored sediments from Yuma and Ginsburg MVs are mainly reflect the characteristic of mud
breccia and considerably influenced by degassing processes. The bulk density is generally
constant at about 1.9 g/cm? on the upper part, while the sediment degassing scatters the values
in the 1.0-2.0 g/cm’® range on the lower part. The magnetic susceptibility shows values mainly
ranging between 10 and 13*107 SI, which reflect a uniform composition of the mud breccia.

Along the Lineament Center South, the gravity core (GeoB23043-2) sampled from the summit
of Meknes MV show similar sedimentary features and physical properties to that from Yuma
and Ginsburg MVs (Figure 2-4e). At the Meknes MV, the 144 cm-long gravity core recovered
at a water depth of 694 m is constituted of a dark greenish gray mud breccia with few oxic
sediments sitting at the top. The mud breccia has a strong H2S smell throughout the core and
shows mousse-like texture below 34 cmbsf. The degassing processes result in large cracks and
voids, especially at 44-49 cmbsf, 70-83 cmbsf, 126-129 cmbsf, 134-136 cmbsf and at the
bottom of the core. The bulk density shows little variation with an average value of 1.85 g/cm?,
despite scattered values at the bottom resulting from large cracks and voids. Consistently with
the uniform lithology of the mud breccia, the magnetic susceptibility is characterized by low
values mainly lying in the range of 9-14*107 SI.

However, in the deepest part of the accretionary prism, the gravity core (GeoB23081-1) taken
from the summit of Funky Monkey MV at 3143 m water depth presents distinct characteristics
from other cored sediments which contain thick ooze layers or gassy mud breccias (Figure 2-
4f). The 220 cm-long gravity core from the Funky Monkey MV can be divided into four
intervals where the physical properties are well consistent with the lithological changes. At 0-
15 cmbsf, the core comprises an oxidized layer of brown to grayish brown hemipelagic
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sediments, with the bulk density of 1.7-1.8 g/cm® and the magnetic susceptibility around 20*10-
> SI. At 15-73 cmbsf, the core yielded dark greenish gray fine mud breccia which may reflect
the reduced seepage activity and a diffuse fluid flow, presenting bulk density of 1.8 g/cm?® and
magnetic susceptibility of 11*10~ SI. From 73 to 220 cmbsf, two layers of mud breccia flow
deposits can be distinguished implying two extrusion episodes. The dark greenish gray mud
breccia at 73-149 cmbsf has a strong smell of H2S, which presents slightly higher bulk density
values around 1.9 g/cm® and lower magnetic susceptibility values of 3-12*10~ SI. The black
mud breccia from 149 cmbsf to bottom instead has a strong smell of oil and contains sulphur-
rich minerals and mm-sized pyrite crystals, showing similar bulk density values to the

overlying mud breccia layer and higher magnetic susceptibility values of 10-36*10 SI.
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Figure 2-4. Core images and logs with vertical distribution of porosity, undrained shear
strength, magnetic susceptibility, P-wave velocity and bulk density for the gravity cores
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recovered on the MVs summits. a Yuma MV, b Ginsburg MV, ¢ R2 MV, d D2 MV, e Meknes
MYV, f Funky Monkey MV.

2.4.3 Mineralogy

To define the origin of the solid emission components of the MVs, matrix and clast samples
have been collected from each MVs for mineralogical analyses, with the exception of the D2
MYV due to the limited core length.

Although the sampled M Vs differ in sedimentary features and physical properties, the majority
of matrix samples are quite similar in composition. Clay minerals, which are generally
dominated by illite, are the major components (46-53 wt%) followed by quartz and feldspars
(20-35 wt%) and carbonates (8-17 wt%) (SI Appendix, Table S2-1). Only three matrix samples
demonstrate differences in composition, showing higher proportion of carbonates. Among
them, one is from the shallow depth of the Ginsburg MV and the other two are from the R2
MYV located where the carbonate concretions are abundant.

On the other hand, the clast samples, which usually originate from the same depth or a
shallower one than the muddy matrix, show a wide variation in composition. In R2 MV, the
clast sampled from the anoxic foraminifera ooze shows that carbonates represent the most
dominant phases (93 wt%; SI Appendix, Table S2-1). In Yuma MV, different lithologies are
observed in the clasts: clasts < 1 cm are commonly soft mudstones and marlstones while those >
lem up to 4 cm are lithified siltstones and sandstones. Two mud breccia clasts sampled at 29-
31 cmbsf and 150-152 cmbsf are lithified siltstone with carbonate cements and consolidated
marlstone. In Ginsburg MV, the clasts are mainly composed of mudstone in mm-cm size. One
lithified mudstone sampled at 197-199 cmbsf contains chlorite-rich clays and almost no
carbonates (SI Appendix, Table S2-1). In Meknes MV, the clasts are mainly poorly
consolidated to consolidated with a mean size less than 2 cm. Two of the sampled clasts are
consolidated limestones with relatively abundant carbonate content from 52 wt% to 83 wt%.
The dominant carbonate phases are represented by calcite at 27-29 cmbsf and ankerite at 64-
66 cmbsf, respectively (SI Appendix, Table S2-1). In Funky Monkey MV, the two clasts
sampled are lithified limestones which are mainly composed of carbonates (59-76 wt%) and
relatively small amounts of clay minerals (8-21 wt%) and quartz (5-16 wt%) (SI Appendix,
Table S2-1).

2.4.4 Geochemistry

To determine the source and migration of the fluids which liquefy clay-bearing strata to
facilitate the extrusion process, pore fluids from the gravity cores have been analyzed for their
chemical compositions.

The characteristics of pore water geochemistry in R2 and D2 MVs are distinct from that of
other MVs, where all measured elements are constant and have similar values to that of
seawater (Figure 2-5), mirroring bottom water chemical composition. At the other four sites,
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however, the fluids show enrichment or depletion of element concentration to some degree,
and the pore water data cluster into two groups. Along the Lineament Center North, the fluids
from Yuma and Ginsburg MVs are depleted in Br’, K, Ca and Mg and enriched in Li and B,
and present little fluctuations in Sr with respect to seawater (Figure 2-5). The behavior of Na
and CI is not uniform whereas a slight enrichment of Na and depletion of CI™ are observed.
Pore water SO4*" at both sites is depleted within shallow depth and shows an enrichment in the
lower part of the cores. Along the Lineament Center South and Lineament South, the fluids
from Meknes and Funky Monkey MVs show seawater values at shallow depth and shifts to
near-constant values in the lower core section, where the mixing effect of bottom water and
ascending fluids is more prominent at the Funky Monkey MV. The concentrations of Na, CI’,
Br, K, Ca, Mg and SO4> show a decreasing trend, among which the completely consumption
of pore water SO4> reached at 64 cmbsf at Meknes MV and almost reached at the deepest
sample of Funky Monkey MV (Figure 2-5). In contrast, clear enrichments are observed in B,
Li, and especially Sr which is as high as ~0.67 mM in the Funky Monkey MV fluids.
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Figure 2-5. Pore water profiles of Na, CI,, SO4*", K, Br’, Ca, Mg, B, Li and Sr in sediment

cores from all study sites. Dashed lines indicate seawater values.

2.5 Discussion

2.5.1 Morphology related to mud extrusion and degree of activity
Our results show different morphological characteristics for the six MVs, which reflect the

dynamics of mud extrusions and corresponding geological processes.
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The shape of MVs is associated with various factors, and viscosity has been suggested as one
of the key properties affecting eruptions. Low viscosities, which are typical of fluid-dominated
MVs and generally lack of clasts, tend to produce flat edifices; whereas high viscosities,
resulting from clast-rich, gas-poor mud ejections, contribute to vertical growth and result in
classical conical shapes (Mazzini and Etiope, 2017). As a progressive decrease in sediment
pore pressure during periods of tectonic reactivation, the mud flow generally evolved from less
to more viscous with time. Near the Lineament Center North, the MVs Yuma, Ginsburg, R2
and D2 are characterized by a classical conical shape (Figure 2-3c, 2-3f, 2-31), which seems to
imply the extrusion of viscous mud breccia in the late stages of mud volcanism. Also, the three
summit domes in Yuma MV and the two partially merged cones in D2 MV reflect multiple
emission spots during the extrusive phase. On the other hand, the MVs along the Lineament
Center South (Meknes) and the Lineament South (Funky Monkey) are flat-topped edifices
(Figure 2-31, 2-30), which might be derived from vigorous, fluid-rich eruptions in the initial
stages of mud volcanism (Ivanov et al., 1996; Lykousis et al., 2004). At Meknes MV, the
blocky morphology corresponds to a distinct mousse-like texture of the mud breccia, index of
gas-saturated sediments, and the small dome on its southernmost rim seems to be a separated
emission site. Given the absence of a proper moat around the edifice, Funky Monkey MV is
most likely a relatively young feature. Its flat morphology may be related to gas and water-
dominated eruptions that normally lead to relatively poor vertical growth and lateral extension.
In addition, the MV’s terraced eastern flank implies multiple outflow episodes (Figure 2-30),
which might correspond to the different characteristics of the mud breccia layers, e.g., the
hydrocarbon gas-saturated dark greenish gray mud breccia with lower magnetic susceptibility
values and the petroleum-bearing black mud breccia with higher magnetic susceptibility values
(Figure 2-4f).
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Figure 2-6. S-N trending parametric subbottom profile of the Yuma MV.

As a common feature present at the base of MVs in the GoC (e.g., Kenyon et al., 2000; Somoza
et al., 2003; Leon et al., 2012), moats are related to a volume loss and/or relaxation of the
compressional stress field as the consequence of the expulsion of sediments and fluids from
the mud reservoir below the edifice (Camerlenghi et al., 1995; Van Rensbergen et al., 2005).
While no/minor moat is observed in Funky Monkey and Meknes MVs, moats are pronounced
in Yuma, Ginsburg, R2 and D2 MVs with semi-circular shapes, which is in consistent with the
features being in an advanced stage of mud volcanism. Besides, the moats of the Yuma and
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Ginsburg MVs seem to be reshaped by bottom currents (Figure 2-6), caused mainly by the
Mediterranean Outflow Water, which is associated with contourite drift deposits and cold-
water coral mounds surrounding the MVs (Foubert et al., 2008; Palomino et al., 2016;
Vandorpe et al., 2016).

While MVs episodically experience violent eruptions of mud breccia and methane-dominated
gas, quiescent periods are characterized by fluid seepage with variable intensity and account
for a big part of MVs life cycles (over 97% as reported by Menapace et al. (2019)). Since the
hemipelagic sedimentation is considered to be deposited during the quiescent phase of a MV
evolution, its thickness provides information on M Vs inactivity (Van Rensbergen et al., 2005)
and can be defined by the physical properties of sediments which are uniformly consistent with
lithological changes (Figure 2-4). At Yuma, Ginsburg and Meknes M Vs, the presence of a 0-5
cm thick hemipelagic draping implies that they experience recent activity and currently lie in
the phase with reduced sediment emission. At Funky Monkey MV, there are 15 cm of
hemipelagic sediments overlying the mud breccia, which can also be clearly recognized
through the distinct variations of physical properties. For example, the magnetic susceptibility
is around 20*107 SI for the hemipelagic sediments, while three deeper intervals with different
values each correspond to a diffuse fluid flow period and two extrusion episodes. Within the
lowest mud breccia layer, a significant down-core decrease of magnetic susceptibility,
accompanied by pyrite precipitation and sulfate depletion in pore water, record the activity of
methane seepage and AOM (anaerobic oxidation of methane, further discussed in section 5.3).
Moreover, at R2 MV, a decreasing trend in the magnetic susceptibility values from 7-15%107
SI to 0-9*107 SI corresponding to the lithological changes from foraminifera and nannofossil
oozes to mud breccia is visible at 160 cmbsf, suggesting a longer period of inactivity.

Therefore, north of the Lineament Center North, the newly discovered R2 and D2 MVs have
experienced a long period of inactivity since the last eruption, while the Yuma and Ginsburg
MV:s are long-lived features with activity for a long time all the way to present. Further south,
the Meknes and Funky Monkey MVs are, relatively speaking, younger structures and provide
evidence for recent activity.

2.5.2 Mud breccia composition

According to the XRD results, the matrix of most mud breccia samples has little variation in
mineralogy (Figure 2-7), suggesting consistent source materials. Potential sedimentary sources
are generally considered to be the AUGC unit, mainly comprising Tertiary and Mesozoic shales
and marls, and/or deeper units of Mesozoic age (e.g., Pinheiro et al., 2005; Medialdea et al.,
2009). Moreover, the clay minerals in the matrix are dominated by illite (39 wt%-70 wt%),
while the content of smectite is relatively low (10 wt%-37 wt%). This supports the hypothesis
that clay mineral dehydration (most likely the conversion of smectite to illite) is the main fluid
source and facilitates the formation of MVs in the GoC (e.g., Hensen et al., 2007). Furthermore,
as the mousse textures with degassing voids and open cracks are extensive in the sediments
from Yuma, Ginsburg, Meknes MVs and an oily smell is strong at the deeper Funky Monkey
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MYV, these active sites imply that the hydrocarbon fluids generated at depth participate in the
MVs’ extrusion. In previous literature work, Martos-Villa et al. (2020) showed that the 10B-
rich illite at MVs in the GoC is related to the hydrocarbon fluids, since isotopically light B
released from the kerogen is incorporated into the tetrahedral layer of diagenetic illite during
the illitization process. We will explore the idea of further B isotope and illite crystallinity
measurements on the illite-rich matrix samples in the future to evaluate the interactions of
hydrocarbon fluids with clays and the organic matter maturation in the region.

On the other hand, three matrix samples, one from Ginsburg MV (GeoB23024-3; 40-42 cmbsf)
and two from R2 MV (GeoB23053-1; 173-175 cmbsf, 181-183 cmbsf), are not following this
trend and show an increasing carbonate content (Figure 2-7). This higher carbonate content
seems to be related to the precipitation of authigenic carbonates, as a consequence of the high
total alkalinity in correspondence to the AOM process or gas hydrate dissociation at these sites
(e.g., Aloisi et al., 2000; Kenyon et al., 2000; Mazurenko et al., 2003).
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Figure 2-7. Normalized ternary plot of Quartz and Feldspars, Carbonates, and Clays for matrix
(crosses) and clast (points) samples.

In addition, the clasts collected along the conduit by the ascending mud were also tested by
XRD and can provide information on the composition and genesis of the deep-seated strata
(Judd and Hovland, 2007). Contrarily to the matrix samples, the clasts from the mud breccia
demonstrate distinct compositions and are representative of different lithologies, ranging from
mudstones to limestones. Their mineralogical compositions are following an increasing trend
in carbonate content and can be regarded as different mixtures of clay-rich grains and
carbonates, where the clasts from Ginsburg and R2 MVs can roughly represent the clay-rich
and carbonates endmembers, respectively (Figure 2-7). At Yuma and Ginsburg M Vs, the clasts
which are identified as mudstone, siltstone and marlstone are more clay-rich and contain a
relatively high quantity of terrigenous minerals, likely formed by submarine gravity flows

35



(Ovsyannikov et al., 2003). In contrast, the clasts from Meknes, Funky Monkey and R2 MVs
are mainly limestones which are probably derived from biogenic and/or hemipelagic
sedimentation. Moreover, for R2 MV, carbonates are predominant in both matrix and clasts,
and carbonate concretions are abundant throughout the core, which might also be explained by
a shallow source in the accretionary wedge.

2.5.3 Diagenetic processes

For R2 and D2 MVs, the pore fluids are significantly affected by seawater showing constant
chemical composition with depth, and diagenetic signals as well as evidences of mixing
between ocean bottom water and deep fluids are not evident in the data (Figure 2-5). The
absence of deep fluid signals indicates that R2 and D2 M Vs are a classical example of inactive
MVs, without recent upward fluid flow. Therefore, their geochemical profiles can be regarded
as background values to compare with the ones derived from upward flow of deep fluids.

During the upward migration through overlying deposits, the pore fluids eventually mix with
seawater and show geochemical signatures deviating from the original sources. One of the most
important shallow subsurface processes is the AOM, where methane from deeper sources is
oxidized by microorganisms using sulphate from seawater as the oxidant (Boetius et al., 2000).
This process occurs extensively in the shallow subsurface of the GoC, especially at MVs (e.g.,
Niemann et al., 2006a). As a consequence of the sulphate - methane transition, pore water SO4>"
is depleted within 50-200 cmbsf at most of our study sites (Figure 2-5). For example, the
complete consumption of SO4> occurs at 50 cmbsfin Yuma MV and 64 cmbsf in Meknes MV,
and considerable depletion of SO4>" is also observed in Funky Monkey MV, although complete
consumption is not fully reached through the extent of the cored sediments, probably due to a
relatively low seepage rate. However, pore water SO4>" shows an enrichment at Yuma and
Ginsburg MVs below the AOM zone (Figure 2-5), which may indicate a secondary deep source
of SO4* in both structures. According to Hensen et al. (2007) and Perez-Garcia et al. (2011),
high SO4* levels are caused by dissolution of anhydrite or gypsum at depth. Besides, during
the AOM process, HS” and HCO3™ are produced and the latter leads to the increase in total
alkalinity and the related carbonate precipitation. In the upper part of the Ca and Mg
concentration depth profiles, the curvature observed indicates the co-precipitation of authigenic
carbonates, due to Ca and Mg supply from seawater (Figure 2-5). By contrast, low
concentrations of Ca and Mg are typical for the fluids below the AOM zone, which are mainly
attributed to the high levels of alkalinity (Hensen et al., 2007) and the dolomitization of
Cenozoic and Mesozoic carbonates at depth (Maldonado et al., 1999; Medialdea et al., 2004),
respectively.

Below the AOM zone, the pore fluids presenting a negligible mixing effect with ocean bottom
water are roughly referred to as deep fluids. Deep fluids generally present a distinct chemical
composition inherited from various diagenetic processes at depth. Among those diagenetic
signals, clay mineral dehydration (mainly the transformation of smectite to illite) has been
identified as one of the most common mechanism of fluid formation driving MVs emissions
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(e.g., Moore and Vrolijk, 1992; Brown et al., 2001; Dédhlmann and De Lange, 2003), and is the
major fluid source in shallow MVs of the GoC (e.g., Hensen et al., 2007; Scholz et al., 2009).
During the dehydration process, the release of mineral-bound water results in a general dilution
trend of major solutes, and the effect is evident in conservative elements such as Br” and CI’
(Figure 2-5). Together with the freshening, the adsorption of K into illite controls the
transformation kinetics and leads to K depletion in the fluids. The release of Na in the
dehydration process further contributes to the relative Na enrichments over Cl". The fluid-
mobile elements B and Li, which are suggested to be primarily released from clay minerals
(Brumsack and Zuleger, 1992), also show enrichment during the process. As a consequence of
clay dehydration, the fluid samples from the studied (active) MVs reveal a downcore trend of
decreasing K and CI" together with increasing B (Figure 2-8a). In general, the samples from
the MVs on the upper part of the accretionary wedge (Yuma, Ginsburg and Meknes) show the
strongest signals, reflecting intense pore water freshening. A less intense effect is shown in the
samples from Funky Monkey MV, possibly due to the westward thinning of the terrigenous
sediments of the AUGC unit and the consequently reduced extent of clay mineral dehydration
(Scholz et al., 2010b).

With the decrease of CI” concentrations, two different increasing trends of Na/Cl ratios were
observed in the fluids (Figure 2-8b). Samples from Meknes and Funky Monkey MVs have
similar increasing trends, although there is a certain difference between their absolute values.
The relatively lower Na/Cl values at Funky Monkey MV can be explained by insufficient
sampling depth where the stable region below the AOM zone was not reached, or by the thinner
sedimentary cover at the site, close to the southwestern edge of the accretionary prism. By
contrast, a relatively higher trend of Na/Cl has been detected in Yuma and Ginsburg MVs,
which might reflect higher original Na content in the smectite (e.g., van de Kamp, 2008).
However, the extent of freshening at the Yuma and Ginsburg sites is inconsistent with usual
clay dehydration values and another possible mechanism, the leaching of halite, is likely to
overprint the freshened fluids. As a consequence of the leaching of halite, the Na/Cl ratio would
be shifted from 0.86 (seawater values) to close to 1.00 (e.g., Hensen et al., 2007). Our results
with higher Na/Cl ratios of about 1.05 and 1.15 support both Na enrichment processes: Na
released from clay mineral dehydration and simple addition of NaCl from halite dissolution.
While the additional process of halite dissolution is relatively pronounced at Yuma and
Ginsburg MVs, the Na release at Meknes and Funky Monkey M Vs is mainly through smectite-
illite transformation. Similar geochemical signals from evaporite dissolution were also
observed at Hesperides MV, Captain Arutyunov MV and Mercator MV in the GoC (Hensen et
al., 2007; Scholz et al., 2009; Haffert et al., 2013), and have been associated with widespread
salt diapirs and their leaching effects (e.g., Perez-Garcia et al., 2011; Haffert et al., 2013).

Moreover, the behavior of Sr is not uniform at the studied (active) MVs. The fluids from Yuma
and Ginsburg MVs show that Sr concentrations fluctuate within a narrow range and deviate
from the mixing area characteristic of clay dehydration (Figures 2-5 and 2-8c). At Ginsburg
MYV, Sr is only slightly enriched and might originate from dissolution of evaporites, because
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gypsum and anhydrite are Sr-enriched minerals (up to 5900 mg kg™ Sr; Usdowski, 1973) and
elevated concentration of SO4* is observed at the site. At Yuma MV, no observable Sr
enrichment suggests that the dissolution of sulfate minerals is negligible, which is consistent
with only slightly enriched SO4* below the AOM zone. In contrast, Sr is enriched at the MVs
near the Lineament Center South (Meknes) and the Lineament South (Funky Monkey) (Figure
2-5). The concentration of Sr at Meknes MV is up to 0.36 mM (Table 2-2), also parallel with
B and Li enrichment (Figure 2-5) suggesting clay mineral dehydration. Consistently, the
deepest data point plotted in Figure 2-8c lies in the range defined by mixing of Sr-enriched clay
endmembers and seawater, which supports a clay dehydration origin of the Sr. At Funky
Monkey MV, which is located at a water depth of 3172 m away from other study sites, the
enrichment of Sr is more pronounced than B and Li enrichments (Figure 2-5). The fluids are
offset from the mixing trend of clay water and seawater with high Sr concentrations (Figure 2-
8c), which is similar to the ones of Abzu, Tiamat, and Michael Ivanov MVs (ATI MVs),
suggesting a strong imprint of other Sr sources, i.e. recrystallisation of Mesozoic carbonates
and/or leaching of oceanic crust (Hensen et al., 2015). Since Upper Jurassic carbonates are
constrained in the westernmost part of the GoC near Coral Patch Ridge (Figure 2-1a)
(Martinez-Loriente et al., 2013; Hensen et al., 2015), the Sr enrichment in the Funky Monkey
MYV where Jurassic strata is absent, is more likely related to the injection of crustal-derived
fluids, possibly in connection to the Lineament South tectonic activity. The hypothesis also
motivates future investigation on Sr isotope to determine the contribution of the oceanic crust
underlying the Funky Monkey MV, where non-radiogenic Sr from fluid/basalt interactions can
shift the pore water 'Sr/*6Sr ratios below that of modern seawater (e.g., Scholz et al., 2009).
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Figure 2-8. a) Plot of K vs. CI" (circles) and K vs. B (crosses) at all investigated sites. b) Plot
of Cl” vs. Na/Cl at all investigated sites [modified from Hensen et al. (2007)]. Two different

trends are shown (solid lines with arrow), indicating variable degrees of potential processes, as

well as the seawater value (black square). ¢) Plot of CI" vs. Sr for the deepest pore water samples
of the studied (active) MVs [modified from Hensen et al. (2015)]. Gray field is defined by
Hensen et al. (2015) using the published data (hollow circles) and marks the mixing area
between minimum and maximum Sr endmembers at CI'=0 and seawater. The seawater value
(black square) and the data for the ATI MVs (hollow triangles) from Hensen et al. (2015) are
shown for comparison.

2.5.4 Fluid sources

As suggested by previous studies (Hensen et al., 2007), the M Vs fluids in the GoC are mainly
derived from clay mineral dehydration, which occurs at temperature between 60 and 150 °C
(Freed and Peacor, 1989; Srodon, 1999). The Mg-Li geothermometer results for our studied
(active) MVs are in the range of 60-100 °C (Table 2-2), supporting the idea that the released
mineral-bound water is the major fluids source. While the calculated reaction temperatures at
Yuma and Meknes MVs are about 93 °C, the one at Ginsburg MV is relatively lower (65 °C;
Table 2-2), constraining the major source depth of the fluids at 2.4-3.1 km and 1.7-2.0 km
below seafloor, respectively, by using the geothermal gradient of 30-38 °C/km (Grevemeyer et
al., 2009). Besides, the presence of gas hydrates in the Ginsburg MV could also cause a
difference in the fluids chemical composition, which results in the dilution of solutes
concentrations and the underestimation of the reaction temperature. Since we did not sample
pristine deep fluids from Funky Monkey MV, the temperatures calculated from our samples do
not represent the maximum reaction temperature, but a close approximation. Nonetheless, the
calculated temperature at Funky Monkey MV also reach the reaction range of clay mineral
dehydration. In contrast, the calculated temperatures at R2 and D2 MVs are about 8-9 °C (Table
2-2), reflecting seawater temperature rather than the diagenetic reaction temperature from the
deep fluids, which again supports inactive fluid seepage at these sites.
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Table 2-2. Concentrations of B, Li and Sr, ratios of B/L1i, and calculated reaction temperatures
from Mg-Li geothermometer for the deepest samples of R2, D2, Yuma, Ginsburg, Meknes and
Funky Monkey MVs.

Mud Volcano Gravity Core Depth B Li St B/Li Me-Li

[cmbsf] [mM] [mM] [mM] geothermometer [°C]

R2 GeoB23053-1 180 0.41 0.02 0.08 17.2 9

D2 GeoB23054-1 25 0.42 0.02 0.08 18.3 8

Yuma GeoB23028-1 274 13.68 0.22 0.07 61.5 93

Ginsburg GeoB23024-3 205 7.82 0.10 0.10 78.8 65

Meknes GeoB23043-2 124 6.77 0.41 0.36 16.4 93

Funky Monkey  GeoB23081-1 194 4.87 0.24 0.67 20.1 60

The enrichment of B and Li is commonly observed in venting fluids from accretionary prisms
of subduction zones and their concentrations increase with increasing temperature (e.g., Chan
et al., 1994; You et al., 1995). Before reaching 150 °C, sedimentary exchangeable B in clay
minerals is released completely while Li does not vary, making B much more mobile than Li
(You et al., 1995; You and Gieskes, 2001). In contrast, at moderate to high temperatures (150-
350 °C), Li is enriched preferentially over B, but both of them are fluid mobile (Chan and
Kastner, 2000; You and Gieskes, 2001). Hensen et al. (2007) compiled B and Li concentrations
at various hydrothermal and cold vent sites suggesting that low B/Li ratios (<30) and high Li
concentrations (>0.35 mM) are indicative for geochemical reactions occurring at temperatures
above 150 °C. Taking the deepest data point from our core samples, several differences in
relation to the MVs locations are also shown (Table 2-2, Figure 2-9). Yuma and Ginsburg MVs
show high B/Li ratios of 61.5 and 78.7 respectively, but the concentrations of B and Li at Yuma
MYV are approximately twice those at Ginsburg MV (Table 2-2, Figure 2-9). This indicates that
the pore fluids of Yuma MV may come from deeper sources, where more B and Li are
generated by leaching from sediments at relatively higher temperatures, corresponding to the
Mg-Li geothermometer results. By contrast, Meknes and Funky Monkey MVs have low B/Li
values of 16.4 and 20.1 with enriched B and Li (Table 2-2, Figure 2-9), similar to the results
of Captain Arutyunov MV and Bonjardim MV, which are considered to represent the cool end
member of crustal derived fluids beneath the sedimentary cover (Figure 2-9; Hensen et al.,
2007). The Li concentration is as high as 0.41 mM at Meknes MV, while Funky Monkey MV
has a relatively lower Li concentration of 0.24 mM, which could be attributed to a lower
seepage rate (thus more intense mixing with seawater). The low B/Li ratios and high Li
concentrations indicate that crustal signals are preserved in Meknes and Funky Monkey MVs,
in accordance with the Sr enrichment mechanism inferred for the latter. Previously, Nuzzo et
al. (2019) suggested an open hydrocarbon system in the GoC through the He isotope analysis,
as a result of the transpressive tectonic activity since the Late Miocene. The escaped petroleum
accumulations participant in the illitization process and the diffused methane are transported
and dissolved in the clay dehydration water. As Cretaceous formations are expected to be the
source rock in the region, the higher concentrations of B and Li at Meknes MV compared to
that at Funky Monkey MV may also reflect a higher maturation stage of the Cretaceous source
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rock, which is assumed to reach post-maturation at near-shore sites and mid to late wet gas
window maturities at the toe of the accretionary wedge. However, B and Li isotope
fractionation analyses are needed to unambiguously evaluate the interactions of hydrocarbon-
rich fluids with clays and trace the generation and migration of hydrocarbon related fluids.

As the active MVs investigated are part of a group of mud domes aligned parallel to the strike-
slip fault system, the ascending fluids are expected to be channeled by their nearby deep-
reaching, permeable strike-slip faults, which could provide a sufficient pressure gradient
(Hensen et al., 2015, 2019; Schmidt et al., 2018). The Yuma and Ginsburg MVs are located
along the Lineament Center North, which is mainly constrained within the southern lobe of the
accretionary wedge, expelling mostly clay dehydration water without crustal signals. However,
crustal signals carried from the ascending fluids are becoming focused along the Lineament
Center South and the Lineament South, which are the major crustal-scale faults in the area. The
admixing of crustal-derived fluid component is generally observed at distal MVs like
Bonjardim, Porto and ATI MVs, consistently with our results of a pronounced crustal input at
the Funky Monkey MV, at depths >3000 mbsl. However, in the upper part of the accretionary
wedge, high temperature signals are also preserved in the Meknes MV indicating that the
mediation of the Lineament Center South on crustal-derived fluids could be extended further
shoreward. Therefore, the MVs effectively communicate with deep fluid systems in proximity
of tectonic lineaments, and also advocate for an active role of the crustal-scale strike-slip faults
in the GoC in mediating deep fluid seepage.
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Figure 2-9. B/Li ratios (black) and Li concentrations (gray) from different vent environments

[modified after Hensen et al. (2007), Haffert et al. (2013), and references therein]: (I) low-

temperature cold vents, (II) high-temperature altered cold vents, (III) hydrothermal vents at

ridge crests, and (IV) sediment-covered hydrothermal vents. The Data from Hensen et al. (2007)
for Captain Arutyunov MV, Bonjardim MV, Gemini MV and Ginsburg MV are shown in

squares for comparison. Values from the deepest samples of the six M Vs in this study are given

in circles.
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2.6 Conclusions

Recently collected data from the M 149 cruise, allowed us to characterize six MVs of the GoC
according to their recent activity and mud/fluid sources, providing further insights into their
relationship with the active tectonics of the region.

Close to the Lineament Center North, the newly discovered R2 and D2 MVs have classical
conical shapes with pronounced moats, being in the late stages of mud volcanism. The thick
nannofossil ooze retrieved on top of the mud breccia facies suggest an extended period of
inactivity, and the pore fluids extracted from the sediments show similar chemical
composition/reaction temperatures to seawater, indicating that no recent fluid seepage occurred.
Due to the high carbonate contents in both matrix and clast samples, the two inactive MVs are
expected to have a shallow source in the accretionary wedge.

In contrast, the other four MVs part of this study attest recent activity basing on the thin
hemipelagic cover and the distinct pore water compositions. Yuma and Ginsburg MVs are
long-lived features in an advanced stage of mud volcanism, characterized by a classical conical
shape, multiple mud flow pulses and a pronounced moat. Meknes and Funky Monkey MVs are
relatively younger structures in the initial stages of mud volcanism, showing a flat-topped
summit with no/minor moat.

These active MVs have similar matrix compositions suggesting a consistent mud source in the
AUGC unit and/or deeper units of Mesozoic age. Clay mineral dehydration is considered to be
the major fluid source, which is also reflected in the high illite content of the matrix samples,
in the pore water geochemistry and in the calculated reaction temperatures (from the Mg-Li
geothermometer). The release of mineral-bound water during clay mineral dehydration results
in the dilution of major solutes, with intense freshening at Yuma, Ginsburg and Meknes MVs
and a less pronounced freshening at Funky Monkey MV.

Other diagenetic processes identified from deep fluid signals include AOM, carbonate
precipitation and dolomitization, dissolution of halite and sulfate minerals, leaching of clay
minerals and interactions with basement rocks. All these effects in the pore fluids show marked
distinctions related to the MVs locations. Along the Lineament Center North, the process of
halite and sulfate minerals dissolution has been found in the fluids of Yuma and Ginsburg MVs,
and the Mg-Li geothermometer as well as the difference in B and Li concentrations indicate
that the source depth of the pore fluids from Yuma MYV is deeper than that of Ginsburg MV, at
2.4-3.1 km versus 1.7-2.0 km below seafloor. Along the Lineament Center South and the
Lineament South, geochemical signals related to interactions with the underlying crust are
present in Meknes MV and more pronounced in Funky Monkey MV, showing enrichment of
Sr, Li and B with low B/Li ratios.
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The strong crustal influence in the fluids of Funky Monkey MV is assumed to be influenced
by the nearby deep-reaching strike-slip fault or a deep-seated feeder channel(s) which cut
through the thinner sediment coverage of the upper plate, marking a notable difference from
the shallow MVs, mostly showing clay dehydration signals. The crustal input therefore
indicates the coupling of deep and shallow fluid systems through MVs and across the
accretionary prism, further implying an active role of the crustal-scale strike-slip faults in
channeling fluid seepage through the GoC accretionary prism.
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Supplementary material

Table S2-1. XRD results for matrix and clast samples from the recovered gravity cores.

Relative Clay Abund
Mineral Phase [wt%] clative L-ay Abundance

Mud Volcano Gravity Core Depth — Analyzed [wt%s]
[cmbsf] part Total Total
Qtz Fds Cal Mg-Cal Dol Ank Sm 1 K Chl
Carbonates Clays
R2 GeoB23053-1 50-52 Matrix 17 4 7 0 1 1 8 51 12 64 11 14
R2 GeoB23053-1 80-82 Clast 1 0 93 0 0 93 2 35 51 5 9
R2 GeoB23053-1 173-175  Matrix 8 0 57 14 1 75 7 17 75 1 7
R2 GeoB23053-1 181-183  Matrix 13 5 8 2 8 14 32 35 16 83 1 0
Yuma GeoB23028-1 29-31 Clast 38 3 0 0 4 29 33 23 26 40 0 33
Yuma GeoB23028-1 50-52 Matrix 16 7 9 0 2 6 17 48 30 55 8 8
Yuma GeoB23028-1  150-152 Clast 9 3 48 0 1 1 50 34 27 64 6 3
Yuma GeoB23028-1  239-241 Matrix 17 8 8 0 1 6 16 48 23 62 14 2
Ginsburg GeoB23024-3  40-42 Matrix 7 1 53 0 0 1 54 24 16 73 8 4
Ginsburg GeoB23024-3  140-142  Matrix 18 6 6 0 1 5 12 53 37 39 20 4
Ginsburg GeoB23024-3  197-199 Clast 28 4 0 0 0 0 0 48 9 11 10 70
Meknes GeoB23043-2  27-29 Clast 6 0 77 0 2 4 83 10 66 31 0 3
Meknes GeoB23043-2  64-66 Clast 17 1 0 9 43 52 16 40 34 3 23
Meknes GeoB23043-2  94-96 Matrix 17 9 0 1 5 12 50 28 50 21
Meknes GeoB23043-2 102-104  Matrix 19 9 0 2 4 12 49 65 19 13 4
Funky Monkey = GeoB23081-1 50-52 Matrix 25 10 0 4 2 13 46 27 42 22 10
Funky Monkey  GeoB23081-1 84-86 Clast 5 0 73 2 0 1 76 8 0 64 26 10
Funky Monkey = GeoB23081-1  163-165 Clast 16 0 58 0 0 0 59 21 0 60 18 22
Funky Monkey = GeoB23081-1 195-196  Matrix 15 5 13 0 1 1 15 50 10 70 9 11

Otz Quartz, Fds Feldspars, Cal Calcite, Dol Dolomite, Ank Ankerite, Sm Smectite, I/l Illite, K Kaolinite, Ch/ Chlorite
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Abstract

Emission pathways in mud volcanoes (MVs) connect source layers with an extrusive edifice.
While previous studies primarily focused on the central conduits we present evidence from
MVs in the Gulf of Cadiz and the Mediterranean Ridge, suggesting the existence of rim-related
fluid pathways that are actively expelling fluids. Among five examined MVs, three exhibit
distinct fluid composition differences between summit (freshening) and moat/rim (salinization).
At the Ginsburg MV, this rim-related fluid pathway is predominantly fueled by saline and Sr-
rich fluid sources, resulting from evaporite dissolution and influenced by clay dehydration
fluids. While freshened fluids are mostly channeled by central conduits, originating deep within
(or below) the Allochthonous Unit of the Gulf of Cadiz (AUGC), seismic data suggest that
saline fluids are likely related to nearby fluid accumulation at the AUGC’s upper boundary.
When considering the MVs’ life-cycle, the younger Meknes MV exhibits freshening
throughout its entire structure, whereas the inactive Rabat MV, at a later evolutionary stage,
shows the disappearance of freshening at the summit but retains saline characteristics at the
moat through diffusion. Thus, the evolution of MV systems governs the fluxes and composition
of expelled fluids. In the case of Ginsburg MV, volumes of fluid emissions through the moat
area are comparable to the summit area, highlighting the significant contribution of rim-related
pathways to fluid circulation, especially during prolonged inactivity. Although this research is
confined to two study areas, the identified salinity patterns and rim-related fluid pathways
could represent a global phenomenon that merits further investigation.
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3.1 Introduction

The marine environment hosts a variety of cold seep systems through which material can
transfer from the geosphere to the biosphere and, eventually, to the atmosphere (Suess, 2014).
With the release of gases through the ocean floor seep features such as mud volcanoes (MVs)
and pockmarks are produced, altering the seabed morphology (Jones et al., 2010; Suess, 2014).
The seafloor expression of these structures is controlled by several factors including flux rate
and type of expelled material. Slow and vigorous fluid flux forms authigenic carbonates and
pockmarks, respectively, whereas M Vs result from much stronger eruptions with a high content
of plastic sediments (Talukder, 2012). These active extrusions and subsequent mud flows
contribute to the build-up of MV edifices, with low-viscosity and high-viscosity mud flows
shaping the morphology into flat-topped or conical edifices, respectively (Kopf, 2002; Mazzini
and Etiope, 2017). However, active mud eruptive phases are episodic, and most of the life span
of a MV is characterized by intervals of depletion and quiescence, accompanied by continuous
seepage of gas and volatiles (Kopf and Behrmann, 2000; Dimitrov, 2002; Menapace et al.,
2019). Hovland (2002) and Leon et al. (2007) suggested an evolutionary path for MV edifices
which, after the main eruption, continues with: 1) slower fluid seepage, ii) edifice collapse
forming the moat around the MVs (depletion), and iii) evolution to a hardground surface
colonized by sessile organisms (quiescence). The varying intensity of fluid seepage during the
evolution of a MV system is thought to be related to the clogging, changing, and reactivation
of the conduit within the edifice.

The MV conduit, which promotes vertical migration of fluids from a source layer at depth to
the extrusive seafloor edifice, is a crucial component in the MV system, affecting fluid
circulation. As the conduits are highly transient in time and space, they are the least understood
part of the MV system, contrary to their surface expression (Roberts and Carney, 1997;
Hornbach et al., 2007). With recent advances in 3D seismic technology, vertical pipe-like
structures (Davies and Stewart, 2005; Cartwright and Santamarina, 2015; Kirkham et al., 2018)
have been increasingly recognized as MV conduits, in contrast to previous models that pointed
to large diapirs (Brown, 1990) and to mud injections/diatremes (Pickering et al., 1988;
Robertson and Kopf, 1998). The transmissivity of MV conduits affects the upward migration
of fluids, which manifests as a change in fluid flux and fluid composition at the seafloor over
time. During the R/V Meteor cruise M149 contrasting fluid signatures were detected at the
summit (freshening) and moat (salinization) of the Ginsburg MV, in the Gulf of Cadiz. A
similar spatial distribution of fluid composition has previously been reported at the Milano MV
in the Mediterranean Sea (Ddhlmann and de Lange, 2003). In order to further illuminate the
structural implications behind this spatial variation in chemical and fluid fluxes, we selected
the Yuma, Ginsburg and Milano MVs (that have distinct fluid signatures), as well as the
Meknes and Rabat MVs (that have much higher and lower activity levels, respectively). The
aim of this study is to: i) identify fluid sources and diagenetic processes responsible for the
variability in geochemical profiles from the summit to the rim of the MVs, ii) explain the
complex fluid circulation below a MV edifice, related to the evolution of different
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geomorphological units and iii) understand the contribution of fluid circulation to the emission
rates during depletion and quiescence periods.

3.2 Geological setting

The Gulf of Cadiz and the Mediterranean Sea, both situated in areas of convergence and
tectonic compression between the Eurasian and African plates, host numerous fluid venting
features, including M Vs, that are related to their accretionary wedge (Figure 3-1). In the Gulf
of Cadiz, most of the MVs are located on the upper part of the accretionary wedge and are
distributed following NE-SW and NW-SE trends, due to the tectonic control exerted by thrust
and strike-slip faults (Figure 3-1a; Medialdea et al., 2009). The sedimentary cover in the region
consists of Triassic to Quaternary sediments, with variable thickness of 2-3.5 s two-way travel
time (TWT) (Medialdea et al., 2004). It is worth noting that the Allochthonous Unit of the Gulf
of Cadiz (AUGC), emplaced during the Late Tortonian, represents the thickest unit (up to 2.5
s TWT) and is characterized by chaotic facies in seismic reflection profiles (Maldonado et al.,
1999; Medialdea et al., 2004). The Messinian to Quaternary successions overlying the AUGC
contains three major discontinuities: 1) the Top Miocene discontinuity (TM) at ca. 5.3 Ma; 1)
the Base Quaternary Discontinuity (BQD) at ca. 2.6 Ma; and iii) the Mid-Pleistocene
Discontinuity (MPD) at ca. 0.9 Ma (Toyos et al., 2016). The sediments underlying the AUGC
are mainly upper Cretaceous to lower Eocene terrigenous sediments, with upper Jurassic
carbonates present only near the Coral Patch Ridge and Triassic evaporites located at the base
of the sedimentary cover. Previous studies of the MVs have shown that clay mineral
dehydration occurring in the AUGC is the major fluid source, and that thermogenic gases
originate in the deeper Jurassic/Cretaceous sediments where the formations have reached the
oil to gas maturity window (Hensen et al., 2007; Nuzzo et al., 2019; Xu et al., 2021).

On the other hand, deformation along the Mediterranean Ridge accretionary complex occurs
in response to collision and subduction of the African plate. The Mediterranean Ridge is
composed of an outer and an inner domain, wrapped between the Cretan continental backstop
and the Libyan passive continental margin (Figure 3-1c; Truffert et al., 1993; Chaumillon, 1995;
Kopf et al., 2001). MVs are abundant in this region and the Olimpi MV field, located in the
intensely deformed inner domain south of Crete, has the largest concentration, including
several mud domes and complexes (Figure 3-1d; Camerlenghi et al., 1995; Cita et al., 1996).
Messinian evaporites are ubiquitous and especially well imaged by seismic data across the
outer domain (Chaumillon, 1995; Camerlenghi et al., 2023), forming a quasi-impermeable cap
above the underlying Tertiary clastic sediments, but in the inner domain the salt sources are
probably secondary brines or isolated evaporitic diapirs. Compared with the features in the
Gulf of Cadiz, most M Vs in the Mediterranean Ridge have a generally shallower depth of fluid
origin (1-2 kmbsf, e.g., Deyhle et al., 2003; Panagiotopoulos, 2020), whereas some studies also
suggest fluid and sediment mobilization depths of up to 3.5-6.8 kmbsf (Camerlenghi et al.,
1995; Schulz et al., 1997).
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In both regions salt tectonics has affected the mud volcanism, and in some MVs the
corresponding geochemical effects are shown in the ascending pore water (e.g., Ddhlmann and
de Lange, 2003; Haffert et al., 2013). In the Gulf of Cadiz, evaporitic deposits are of Triassic
age and related to two different parent layers, the AUGC and the Triassic unit. While the AUGC
containing such Triassic evaporites extends from the Iberian and Morocco coasts to the
Horseshoe and Seine Abyssal Plains, the evaporitic Triassic unit covering the basement is
mainly found in the northern sector and accumulated in half-grabens along the Morocco margin,
forming a series of salt diapirs dotting the accretionary wedge (Maldonado et al., 1999; Tari et
al., 2003). Their accumulation on top of the basement is related to the development of a rifted
passive margin and to the opening of the Atlantic Ocean in Triassic-Jurassic times (Maestro et
al., 2003; Tari et al., 2003). In the Mediterranean Ridge a shallower evaporitic sequence was
formed in the Late Miocene (Messinian) on top of Paleogene to Tortonian sedimentary
successions. While thick evaporite deposits generally trap deep fluids, the major MV fields are
located at sites where Messinian evaporites are thin or absent (Mascle et al., 2014).
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Figure 3-1. Study area and location of M Vs in the Gulf o erranean Ridge.
(a) General location map of the Gulf of Cadiz depicting the outline of the Gulf of Cadiz
Accretionary Wedge (GCAW) including its shallower northern and southern lobes (modified
from Gutscher et al., 2009). The long, grey lines show a set of WNW-ESE oriented strike-slip
faults, the South West Iberian Margin (SWIM) fault zone (Zitellini et al., 2009). CPR Coral
Patch Ridge. (b) Bathymetry map of the main study area in the Gulf of Cadiz, showing the
location of the studied MVs (red stars) as well as the seismic profiles (dark grey lines). (c)
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Geological setting of the Eastern Mediterranean with location of the Olimpi MV field
(modified from Huguen et al. (2004), and references therein). (d) Bathymetry map of the
Olimpi MV field, showing the location of the Milano MV (red star).

3.3 Materials and methods

3.3.1 Hydroacoustics

We conducted seabed imaging surveys of the Gulf of Cadiz during R/V Meteor cruises M 149
and M167, using the Kongsberg Simrad EM 122 multibeam system that was operated with 432
beams per ping and at a frequency of 12 kHz. Hiipers et al. (2020) and Menapace et al. (2021)
provide more details about the instrument’s technical features and conditions of the survey. We
employed the Kongsberg Seafloor Information System (SIS) software to monitor data quality
in real time during the acquisition. We then processed the multibeam data with MB-System
and Generic Mapping Tools (GMT) programs and displayed them with ArcGIS software. The
main map of the Gulf of Cadiz and Olimpi MV field have a pixel resolution of 50x50 m and
30x30 m, respectively. The individual structures in the Gulf of Cadiz and Olimpi MV field
have a pixel resolution of 2020 m and 30x30 m, respectively.

3.3.2 Seismic acquisition/processing

To image the structure of Yuma and Ginsburg MVs, high-resolution multichannel seismic data
was acquired in the Gulf of Cadiz during the INSIGHT Leg 1 and 2 cruises (2018 and 2019)
(Gracia et al., 2018; Urgeles et al., 2019). For the seismic survey, a source array comprising 10
G-GUN II air-guns (total volume 930 cu. in.) was utilized, with a shot interval of 12.5 m. Data
acquisition was conducted using a GEOEEL Geometrics digital streamer with receiver spacing
6.25 m, with a total length of 443.75 m (72 active channels) for lines GMV01 and GMV03 and
343.75 m long (56 active channels) for lines INS2 Linel3 and INS2 Line23. Real-time quality
control was performed using shot gather and near-trace displays during the acquisition of the
seismic lines. The seismic data was processed using RadExPro 2019.2 software with a CDP
binning interval of 3.125 m (nominal fold of 18 and 14, respectively). A low-cut bandpass filter
(2-4 Hz) was used to remove low-frequency swell noise, followed by time-frequency domain
noise attenuation to reduce residual noise. Ghost arrivals, generated by the reflections at the
ocean-air discontinuity, occurred due to the source and receivers being towed below the sea
surface and have been removed using the “SharpSeis De-ghost” module in RadExPro 2019.2
software. The far-field source signature was estimated by flattening and stacking the
waterbottom reflection in a near-offset gather, under the assumption that this approximates a
zero-offset reflection from an isolated positive impedance contrast. The signature estimation
used two iterations of flattening and rejection of traces with poor statistical correlation with the
estimated signature (Blondel et al., 2023). Using this signature, deterministic de-bubble and
zero-phasing operators were derived to remove the effect of the airgun source bubble pulse in
the seismic data. The zero-phase correction adjusted the phase of the approximately minimum-
phase airgun wavelet to zero-phase, improving the accuracy and resolution of the data.
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The distance between the near- and far-offset channels (c. 400 m) in this experiment is
relatively small relative to the water depth (>1 km), and the complex near-seafloor geology
included many diffractions and out-of-plane reflections. Therefore, the semblance method was
not suitable for the velocity analysis. Instead, we calculated a stacking velocity field assuming
a constant water velocity of 1500 ms™! above the seafloor and an increasing velocity gradient
of 500 ms™ below the seafloor. Considering that the stacking power is relatively insensitive to
errors in the stacking velocity due to the low moveout of the reflections, the stacking velocity
field was deemed appropriate. Data were normal moveout (NMO) corrected using the velocity
field and stacked.

We similarly obtained a migration velocity field by assuming a uniform water velocity of 1500
ms™' above the seafloor and a velocity gradient of 125 ms™ below the seafloor. The velocity
gradient was checked by conducting multiple migrations with different gradient values on two
separate test lines. Finally, the stacked sections were migrated using a post-stack Kirchhoff
time algorithm with the migration velocity field. Before migration a bottom mute was applied
from the first waterbottom multiple to prevent multiple energy being migrated to the shallower
part of the section as noise. After migration a Q-compensation filter (amplitude only), time-
variant bandpass filter and top mute above the water bottom were applied to improve the image
for interpretation.

3.3.3 Sediment and pore water sampling

The pore water samples used in this study were acquired during cruises M149 and M 167, where
MeBo cores were recovered in the Ginsburg MV and gravity cores were collected in the
Meknes, Yuma, Ginsburg and Rabat MVs (Hiipers et al., 2020; Menapace et al., 2021) (Table
3-1). The samples from the Milano MV are from the literature, and the methodology has been
detailed in Emeis et al. (1996). The MeBo cores were drilled by a remotely operated seafloor
drill-rig, the MARUM-MeBo70, whereas the gravity cores were recovered using conventional
gravity coring with a 5.75 m-long corer. Both techniques employed a plastic liner to house the
cores. To compare the characteristics of different geomorphological parts of a MV, core
samples from the summit, flank and moat/rim areas were taken at each MV. Once the cores
were on deck, they were cut into sections and sealed with plastic caps. Then, small holes were
made in the plastic liner with an electric drill and pore water was extracted from the whole-
rounds using rhizons on syringes, as described by Dickens et al. (2007). Three pore water
samples were taken every 120 cm for the MeBo cores and every 100 cm for the gravity cores.
Before laboratory measurements, the pore water samples were stored in air-tight 20 ml PTFE
vials in a refrigerated room at 4 °C.

3.3.4 Geochemical measurements

After the cruise, geochemical measurements were conducted on the pore water samples
extracted from the MeBo and gravity cores to determine their ion compositions and isotope
ratios. We analyzed the soluble cation concentrations, including Na, K, Ca, Li, B, and Sr using
an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES). The anion
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concentrations, such as Cl and SO4*, were examined using an Ion Chromatograph (IC). We
measured Sr isotopes using a Thermal lonization Mass Spectrometer and investigated water
isotope ratios using a Cavity Ring-Down Spectrometer.

Prior to conducting the ICP-OES measurements, we acidified the collected pore water samples
with concentrated HNO3 to dissolve any solids that had precipitated during storage. We then
diluted the samples with 1% HNO3 and tested them with ICP-OES. The relative standard
deviation based on duplicate measurements of IAPSO seawater standard was found to be <1%
for Na, K, Ca and Sr, <3% for B, and about 10% for Li. Based on the resulting Sr concentrations,
we separated ~1.5 pg Sr per sample using a SrSpec resin (Eichrom) via ion exchange
chromatography and subsequently measured the Sr isotopes. We corrected the Sr isotope data
for the decay of ®’Rb and normalized it to a value of 0.710248 for NIST SRM 987. The
reproducibility of repeated tests on strontium carbonate isotopic standard (NIST SRM 987)
yielded a value of 0.000004 (2SE, n=4). The measurement uncertainties were all below
0.000023 with a confidence level of 2 standard errors.

For water isotopes, we report the measured values relative to Vienna Standard Mean Ocean
Water (V-SMOW) with a precision (26) of +£0.8%o for 8D and +0.25%. for §'*0. For IC
measurements, we first centrifuged the pore water samples to remove precipitates and prevent
the addition of anions to pore water. We then diluted the pore water samples with Milli-Q water
and measured them with IC. The analytical precision for Cl and SO4* was about 1%.

3.3.5 Pore water modeling
To investigate the fluid flow in the selected MVs, an advection—diffusion model was used. The
selected model describes the variation of interstitial solute concentration in a water-saturated
one-dimensional sediment column and is expressed through the following differential equation
(Boudreau, 1997):

ac 0%C ac

EzD-ﬁ—v-E e.q.(3.1)
where C is interstitial solute concentration, ¢ is time, D is the chemical diffusion coefficient in
the sediment, z is depth, and v is fluid flow velocity. The selection of a one-dimensional model
is justified by the significant vertical concentration gradient compared to the horizontal
gradient prior to reaching concentration stability, indicating the dominance of vertical fluid
flow. The differential equation was solved numerically with the finite difference method and
the associated errors relative to the exact solution were negligible. The solution was obtained
based on a depth—time grid. By employing the conservative element Cl, the program simulated
the evolution of Cl concentration based on the advection and diffusion of solute and tested how
long and at what fluid velocity the simulated solute concentration fits the measured
geochemical profile. In our model, D was calculated from Boudreau (1996) as:

D= DO/(1 _ In(e?)) e.q.(3.2)
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where Dy is the diffusion coefficient for chloride in free solutions at 5°C (Do = 1.12x10™ m?/s;
Boudreau, 1997) and ¢ is the sediment porosity determined by averaging data obtained from
moisture and density measurements (see metadata of Meteor cruises M149 and M167
published in www.pangaea.de). The best-fit v and # will quantify the changing fluxes from the
summit to the rim of the MVs and shed light on fluid circulation in different parts of the
structure.

For the initial solute concentration, the seawater value was assigned from the top to a certain
depth, below which a value similar to the maximum/minimum measured values at the bottom
of the cores was specified, representing the solute concentration of pure fluids (another
endmember). To simulate fluid advection, the fluid flow velocity was assigned a series of
numerical values. For both the top and bottom boundaries, constant concentrations and fluid
flow velocities were assigned during the model calculations, under the assumption that there is
continuous fluid flow and that the concentration and velocity of pure fluids can be constrained
with the model. However, the duration of fluid flow and the corresponding velocity were
unknown, therefore a sensitivity analysis using a set of durations and velocities was conducted.
The parameters that best predicted the measured data were determined by matching the model
to the observed geochemical profiles.

3.4 Results

3.4.1 Morphology and sedimentology

The morphology of the MVs, from summit to base, comprises: 1) a crater, a flat top, or a central
dome(s) on the summit; ii) homogeneous and smooth flanks, or terraced and lobe-shaped ones
related to episodes of mud flows; iii) a moat at the base of the MV edifice or flanks merging
with the seafloor adjacent to the rim area of the MV.

The Meknes MV (80 m high and 1400 m wide) and the Milano MV (122 m high and 3700 m
wide) are cone-shaped edifices with a flat top (Figure 3-2). While the flanks of the Meknes MV
are smooth and degrade to a gentle slope in the basal part, the Milano MV shows a terraced
morphology with its outer edge delimited by a ring-shaped collapse-like structure. Around the
two MVs, no significant moat is observed, but a moat-like structure buried beneath the lower
flanks of the Milano MV corresponding to the outer ring faults is visible in seismic reflection
profiles acquired prior to the ODP drilling (see Initial Reports of the Ocean Drilling Program
Leg 160; Emeis et al., 1996). The cores recovered from the two MVs consist of mud breccia,
with no or thin hemipelagic deposits at the top (Figure 3-2). The draping hemipelagic sediments
are absent at the summits (GeoB23043-1, ODP 970D), and range in thickness from 0-3 cm at
the flanks (GeoB23040-1, ODP 970C), to 5-60 cm at the rims (GeoB23039-1, ODP 970A). At
the lower slope of the Milano MV, the rim area (ODP 970A) shows alternations of mud breccia
and hemipelagic sediments, while the outer rim area (ODP 970B) is entirely hemipelagic
sediments.
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Table 3-1. Locations of sampled cores, for the MVs presented in this study, and parameters/results from the fluid flow modeling.

Sampling location Core Core Latitude Longitude Water Model column Cl at surface Cl at the model's Porosity Upward fluid
number type® depth (m) length (m) (mM) bottom (mM) flow (cm/yr)

Milano (Emeis et al., 1996)
Summit ODP 970D APC  33°44.04'N  24°46.61'E 1953 43 200 70 0.55 50.0
Flank ODP 970C APC  33°44.13'N  24°47.46'E 2037 10 509 350 0.50 11.6
Rim ODP 970A APC  33°44.19'N  24°48.12'E 2076 196 600 1715 0.50 0.0
Outer rim ODP 970B APC  33°4421'N  24°48.69'E 2079 196 600 1715 0.60 1.5
Meknes
Summit GeoB23043-1 GC 34°59.07N  7°04.44'W 687 L.5 590 298 0.61 129.2
Flank GeoB23040-1 GC 34°59.10'N  7°04.20'W 735 1.8 590 480 0.53 21.9
Rim (no moat) GeoB23039-1 GC 34°59.10'N  7°04.06'W 749 2.2 558.4 552 0.58 4.8
Background GeoB23038-1 GC 34°59.12'N  7°02.04'W 744 3.7 560 560 0.59 0.0
Yuma
Summit (domel) GeoB23028-1 GC 35°25.46'N  7°06.07W 959 3 557 420 0.59 11.6
Summit (dome?2) GeoB24211-1 GC 35°25.06'N  7°05.45'W 950 2.5 595 465 0.61 15.0
Flank GeoB23012-1 GC 35°24.73'N  7°05.66'W 996 4 595 580 0.57 0.0
Rim (mudflow) GeoB23025-2 GC 35°2431'N  7°05.52'W 1124 4.7 560 575 0.59 0.0
Depression (edge of mudflow) GeoB23004-1 GC 35°23.92'N  7°05.74'W 1661 5 595 785 0.61 0.0
Ginsburg
Summit GeoB23024-3 GC 35°22.36'N  7°05.32'W 908 2.5 600 448 0.56 13.3
Summit GeoB23024-4 MeBo 35°22.37N  7°05.31'W 906 18 600 418 0.61 15.0
Summit GeoB24222-1 GC 35°22.40'N  7°05.46'W 915 2.5 600 540 0.57 6.7
Summit GeoB23005-1 GC 35°22.55'N  7°05.37'W 887 2 580 541.5 0.58 2.8
Flank GeoB23010-1 GC 35°22.52'N  7°04.64'W 977 2.5 600 585 0.56 0.0
Rim (moat) GeoB23007-1 GC 35°21.53'N  7°05.34'W 1121 45 590 2600 0.51 0.3°
Rim (moat) GeoB23009-1 GC 35°22.54'N  7°03.93'W 1072 45 590 2600 0.61 0.3°
Rim (moat) GeoB23047-3 MeBo 35°22.86'N  7°04.13'W 1126 45 590 2600 0.56 0.3°
Background GeoB23027-1 GC 35°22.38'N  7°01.16'W 962 4.4 583 605 0.61 0.0
Rabat
Summit GeoB23034-1 GC 35°18.90'N  7°08.04'W 1039 2.92 565 545 0.56 0.0
Rim (moat) GeoB23052-1 GC 35°19.05'N  7°08.60'W 1186 4 570 735 0.60 0.0

2APC Advanced Piston Core, GC Gravity Core, MeBo Cores drilled by the seafloor drill-rig MARUM-MeBo70.
°The three cores from the moat of Ginsburg MV are combined into a single model, as their geochemical profiles show good agreement.
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The Yuma and Ginsburg MVs, which have heights of 218 m and 280 m are two of the largest
MVs in the Gulf of Cadiz. The MVs are shaped as elongated cones with central dome(s) at the
summit and major axes of 4400 m and 3860 m, respectively, along the NW-SE direction
(Figure 3-2). While the Ginsburg MV is topped by a single dome, there is a flat area consisting
of two interconnected calderas on top of the Yuma MV with two central domes (Dome 1 and
Dome 2) and one smaller dome (Dome 3) at the southern side. The flanks of both MVs show
a predominantly terraced morphology with variable steepness. An annular, irregular moat is
recognized in both MVs, being more pronounced at the northwest side of the Yuma MV (60
m) and the southeast side of the Ginsburg MV (80 m). The recovered cores (Figure 3-2) are
composed of mud breccia overlaid by hemipelagic sediments that increase in thickness from
the summits (0-5 cm-thick; GeoB23024-3/4, GeoB24222-1, GeoB23005-1, GeoB23028-1 and
GeoB24211-1) to the flanks (94-134 cm-thick; GeoB23010-1 and GeoB23012-1), while the
cores recovered at the rim of the M Vs and the depression in between only contain hemipelagic
sediments (GeoB23007-1, GeoB23009-1, GeoB23047-3, GeoB23025-2, and GeoB23004-1).

Southwest of the Yuma and Ginsburg MVs, the Rabat MV is a comparatively smaller feature
with NW-SE elongation, 67 m high and major axis of 1577 m. It shows a central dome at the
top, a terraced morphology on the NW flank, and an obvious moat of 10-30 m depth (Figure
3-2). The core recovered from the summit (GeoB23034-1) shows a thick layer of hemipelagic
sediments (125 cm) followed by mud breccia, while the core recovered at the rim (GeoB23052-

1) contains only hemipelagic sediments (Figure 3-2).
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Figure 3-2. Lithostratigraphy of the sampled cores over the studied MVs. Data for the Milano
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MYV are taken from ODP drilling (Emeis et al., 1996) and core length is reported in meters,
whereas for the other MVs core length is reported in centimeters below seafloor. In the maps,
the core sites used in this study are noted as white and black dots. The black dots are the selected
cores to show lithologies. Reference cores, GeoB23038-1 and GeoB23027-1, located to the
east of the Meknes and Ginsburg MVs, are not included in the figure due to their positioning
outside the figure's coverage area (see Table 3-1 for their latitude and longitude information).

3.4.2 Mud volcano internal structure

High-resolution multichannel seismic profiles over the Ginsburg and Yuma MVs (Figure 3-1b)
enable detailed characterization of their morphology and internal architecture. The Ginsburg
and Yuma MYV systems are composed of vertically stacked bicones and feeder complexes, with
chaotic to transparent seismic facies disrupting the stratified seismic facies that characterize
the surrounding sub-seafloor (Figure 3-3). Bicones, extrusive edifice morphologies
characterizing MVs, are constituted of upward- and downward-pointing cones. There are two
and four bicones stacked vertically under the Ginsburg and Yuma MVs, with their respective
lowermost expressions overlying the Quaternary discontinuity and the upper boundary of the
AUGC described by Duarte et al. (2022) and Toyos et al. (2016) (Figure 3-3c). The feeder
complexes underlying the current extrusive MV edifices can be described as unstratified
downward-tapering cones (Somoza et al., 2012) with chaotic to transparent reflection patterns
(Figure 3-3). Beneath both the Ginsburg and Yuma MVs, the feeder complexes link the
extrusive edifices to the AUGC.

The background sediments adjacent to the buried parts of the two edifices display chaotic, high-
amplitude reflections in the AUGC unit, although high-amplitude stratified seismic facies are
present locally (blue dashed boxes in Figure 3-3). The Upper Miocene to Quaternary sediments
display parallel, continuous reflections with amplitude evolving from low to medium from
bottom to top. The contact between the AUGC and the overlying units is characterized by a
high-amplitude reverse polarity (i.e., downward decrease in impedance) reflector (Figure 3-3).
On both sides of the buried edifices, reflections within the host sediments bend upwards against
the edge of the feeder channel, especially between the Ginsburg and Yuma MVs (Figure 3-3b,
3-3c). Between the two MVs, in an area characterized by mounded seafloor (MF in Figure 3-
3c), we highlight the presence of shallow subsurface lobes which have an internally chaotic
seismic response.

The seismic line GMVO03 across the Ginsburg MV (Figure 3-3a) shows the position of the
MeBo core (GeoB23047-3), which was collected at the MV’s eastern moat. Beneath the eastern
moat, the boundary between the extrusive structure and the host sediments is characterized by
a bright reflection zone (BR in Figure 3-3a). Similar bright reflection zones along the edge of
the MV edifices are also observed in Figure 3-3b and 3-3d (marked with BR). As the central
Dome 1 and Dome 2 of the Yuma MV are located in an interconnected caldera (Figure 3-2),
the seismic line INS2 Linel3 across the central Dome 1 reveals the internal structure beneath
the caldera area (Figure 3-3d). The upwards-bent, chaotic, enhanced reflections beneath the
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moat-like depression at the top separate the Yuma extrusive edifice into two seismic facies: 1)
chaotic with high-amplitude reflections constrained to the caldera area (CF in Figure 3-3d);
and ii) transparent along the slope area (TF in Figure 3-3d). A weak amplitude reflection of
reversed polarity sometimes separates the two seismic facies (Figure 3-3c, 3-3d).
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Figure 3-3. Seismic cross sections through the Yuma and Ginsburg MVs (see bold dark grey
line in Figure 3-1b for location). Major discontinuities within Messinian-Quaternary sediments
and top of AUGC (Allochthonous Unit of the Gulf of Cadiz) are shown: MPD mid-Pleistocene
discontinuity, BOD base of Quaternary discontinuity, 7M top of Miocene discontinuity. Two
main seismic facies within the MV extrusive edifices have been defined: TF transparent facies
and CF chaotic facies. The buried bicones of the Yuma and Ginsburg MVs are interpreted in
Figure 3-3c, labeled as BMV, following Toyos et al. (2016). The location of gas hydrates
recovered at the Ginsburg MV has been indicated as GH (Core AT206G/208G, Kenyon et al.
2000). The blue dashed boxes indicate the laterally-truncated bright reflectors at the top of the
AUGC. Other abbreviations used in the figures are: BR bright reflector, MF mud flow, TWT

two-way travel time.

3.4.3 Pore water geochemistry and modeling

For each MV, comprehensive sets of cores have been recovered from the summit to the rim,
and pore fluids have been analyzed for their chemical and isotopic composition. The
concentration-depth profiles for Na, Cl, K, Li, B and Sr for all study sites are shown in Figure
3-4.

While all measured elements do not vary with depth at the reference site of the Meknes MV
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(away from the MV; GeoB23038-1), the fluids show depletion in Na, Cl and K and enrichment
in B, Li and Sr, relative to seawater, at all of the Meknes MV sites (Figure 3-4b). The fluids
from the summit show the strongest depletion or enrichment of element concentrations, while
moving towards the rim site, the concentrations of Na, Cl, K, B, Li and Sr become closer to
those at the reference site. East of the Yuma, Ginsburg and Rabat M Vs, another reference site
(GeoB23027-1; Table 3-1) shows pore fluids with a slight increase in salinity with depth. While
the element concentrations from the summit of the Yuma and Ginsburg MVs follow the same
trend as that in the Meknes MV, the pore water composition mirrors the bottom water chemical
composition at the flank sites and shows marked differences at the rim sites (Figure 3-4c, 3-
4d). Unlike the progressively changing fluid compositions across the Meknes MV, the
Ginsburg MV fluids from the rim sites have diametrical changes compared to the summit ones,
showing strong enrichment in Na, CI and Sr, small enrichment in Li and depletion of B. A
similar pattern is seen at the Milano MV in the Mediterranean Sea, showing Na and Cl
depletion at the summit and an opposite trend at the rim, with the concentrations of K and Li
at the rim exceeding those at the summit (Figure 3-4a). On the other hand, at the Rabat MV,
apart from similar increasing Na and Cl trends at the rim, the element concentrations across the
entire structure show minor fluctuations compared to seawater (Figure 3-4e).

Stable oxygen and hydrogen isotope analyses are summarized in Figure 3-5a and 3-5-b. At the
MV:s in both the Gulf of Cadiz and the Mediterranean Sea, there is a clear negative correlation
between §'*0 and 8D (Figure 3-5a). While samples from the shallow subsurface have §'%0 and
oD values close to those of seawater, samples from greater depths tend to have more positive
5'%0 and negative 3D. The strongest deviation from seawater composition occurs at the deepest
summit samples. Pore water from the rim sites, however, follows the same trend but does not
deviate strongly from seawater composition. One exception is core GeoB23047-3 at the rim of
the Ginsburg MV, which shows a strong change to lighter §'%0 and 8D values from the surface
to the base of the core. As the Yuma and Ginsburg MVs show considerable differences in Sr
concentrations between their summit and rim sites (Figure 3-4c, 3-4d), we further analyzed
their Sr isotopic ratios. The results are plotted in Figure 3-5c, illustrating similar 8’St/*Sr ratios
in the range of 0.7085-0.7089.

In order to estimate the variation of advection velocity across the MV cores, an advection-
diffusion model was used, with Cl as conservative parameter. The model-fitted curves, together
with the measured data, are summarized in Figure 3-4 and the model parameters are given in
Table 3-1. Apart from the Rabat MV, which has no fluid flow at both its summit and rim, the
model results indicate high advection velocities of 129.2 cm/yr and 50.0 cm/yr at the summit
sites of Meknes and Milano MVs respectively, and moderate values of 11.6-15.0 cm/yr and
2.8-15.0 cm/yr at the summit sites of Yuma and Ginsburg MVs, respectively. Overall, the
advection velocities show a decreasing trend from the summit sites towards the rim sites.
However, at the rim/moat of Milano and Ginsburg MVs, the fluids ascend at an estimated
velocity of 1.5 cm/yr and 0.3 cm/yr, compared to absent flow at the flank of Ginsburg MV
(GeoB23010-1) and Yuma MV (GeoB23012-1).
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Figure 3-4. Pore water modeling results of Cl (shown in solid or dashed lines with fluid flow
velocity values) and pore water depth profiles of Cl, Na, K, Li, B and Sr at the five MVs
investigated in this study. Darker plot shades grading to lighter tone plots represent proximal
(near central dome location) to distal (moat and off mud-volcano) sites. Vertical arrows (on x-
axis) indicate seawater values.
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Figure 3-5. (a) Plot of 3D vs. §'80 for MV fluids at study sites. The solid line represents the
global meteoric water line (GMWL) (Craig, 1961). The dashed line represents the two-end
member mixing between seawater (3D = 0; §'%0 = 0) and clay-mineral-derived water (5D = -
30; 8'%*0 =12, Hensen et al., 2015). (b) Plot of 3'%0 vs. Cl concentration at study sites [modified
after Haffert et al. (2013)]. The grey area for smectite-illite (S-/) transformation has lower and
upper boundaries of §'%0 = 7.5%o-10%o. (c) Plot of ¥’Sr/*Sr vs. 1/Cl for fluids at Yuma and
Ginsburg MVs. The seawater value (black square) is shown for comparison. GMV Ginsburg
MV, YMV Yuma MV,

3.5 Discussion

3.5.1 Fluid pathways: central conduit and rim system

As demonstrated by the presented data, the Meknes, Ginsburg, Yuma MVs in the Gulf of Cadiz
and the Milano MV on the Mediterranean Ridge show recent activity, with either a thin layer
(< 3 cm) or absence of hemipelagic sediments on top of the mud breccia (Figure 3-2). Their
chemical pore water compositions differ from seawater (Figure 3-4) and are hence to be
attributed to seepage. On the other hand, Rabat MV is representative of a relatively long period
of mud volcanic inactivity.

The seepage of deep fluids through M Vs usually mix with bottom seawater close to the seafloor,
thus being typically detectable in the upper section of a standard gravity core. This mixing
process may cause different chemical gradients and pore water profiles in the sediments. Linear
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pore water profiles attest that molecular diffusion is the dominant transport process in the
sediments, usually occurring when seeping at MVs becomes inactive. In contrast, concave-
down shaped profiles are related to a significant upward fluid advection, and concave-up
profiles are commonly observed in e.g. SO4* and CH4 due to their consumption by the
anaerobic oxidation of methane (AOM). Concentration profiles of conservative elements (e.g.
Na, Cl and B) for the recently active MVs have concave-down shapes (Figure 3-4), indicating
the advective transport of deep fluids (Hensen et al., 2003). For each MV in our study, the most
active sites of fluid advection are located at their summits, with upward fluid flow velocities
varying over a wide range from 11.6 to 129.2 cm/yr. With increasing distance from the summit,
the concentration gradient generally diminishes and the fluid flow velocities at the rim decrease
to 0-4.8 cm/yr. This suggests that there is a central conduit through which the deep fluids are
transported to the surface as confirmed by seismic data. While the Meknes MV shows a
coherent geochemical change in elemental composition across the whole structure, similar to
most previously reported cases (e.g., Vanneste et al., 2011; Haffert et al., 2013), the other three
active MVs exhibit different characteristics. With respect to salinity, freshening at the summit
(Cl depletion) vs. salinization at the rim/moat (Cl enrichment) is observed (Figure 3-4). For
MVs in the Gulf of Cadiz and the Mediterranean Ridge, clay mineral dehydration has
previously been identified as a major mechanism of fluid formation driving MVs emissions
(Hensen et al., 2007; Xu et al., 2021), which causes a typical freshening signal. Nonetheless,
the presence of brines/evaporites in both areas can significantly alter the diagenetic signal of
the pore fluids, showing elevated salinities (Haffert et al., 2013). The high salinity observed at
the rim/moat therefore indicates that the fluids experience different diagenetic processes or a
different degree of mixing compared to those at the summit, suggesting the presence of an
additional fluid pathway apart from the central conduit within these domes. This is further
supported by the results from the modeled fluid flow velocities, as well as the distribution of
enhanced reflections (bright spots) in the seismic data, characteristic of gas-bearing fluids.
While the fluids from the central conduit do behave as reported in earlier studies on various
MV:s edifices (e.g., Vanneste et al., 2011), with fluid flow velocities rapidly decreasing from
the highest value at the summit to 0 cm/yr at the flank, we recognize for the first time that
advection also occurs at the rim/moat site in the Ginsburg and Milano M Vs, reaching flow rates
of 0.3 and 1.5 cm/yr respectively.

The high-resolution seismic profiles across Ginsburg and Yuma MVs clearly show both
extrusive edifices and intrusive complexes, which clearly offer the geophysical support to
explain the different geochemical patterns observed in the moat/rim area. Two distinct seismic
facies are imaged in the extrusive MV edifices: a chaotic facies containing high-amplitude
reflections, and a transparent facies which is seismically opaque. At both Ginsburg and Yuma
MVs, chaotic acoustic facies occupy the majority of the extrusive edifice, especially in the
central area, which is probably related to the fluid flow observed at the summit area (see also
occurrence of gas hydrates on Ginsburg MV in Figure 3-3a). The transparent acoustic facies,
however, is restricted to the flank areas overlying the chaotic acoustic facies, with bright
negative polarity reflectors at their lower boundaries. Chaotic and transparent seismic facies
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are expected in MV edifices given the significant presence of mud breccia (Figure 3-2) and
mud mobilization structures. The presence of bright reflectors of negative polarity (i.e.,
downwards decrease in acoustic impedance) appears to indicate the significant presence of
fluids, likely free gas, in areas characterized by chaotic facies within the MV body (particularly
within the feeder system). Similar, yet more coherent, bright reflections have been imaged
beneath the flanks of the Mercator MV in the Gulf of Cadiz, located to the east of the Ginsburg
and Yuma MVs, and have been interpreted as bottom simulating reflectors (BSRs) by Depreiter
et al. (2005). In our case, these bright negative polarity reflectors, which separate chaotic and
transparent facies along the flank sites of the Ginsburg and Yuma MVs, may act as barriers to
fluid flow, as attested by geochemical composition. Those sediments in the flank area
(characterized by transparent acoustic facies) may represent paleo-mud flows that have already
degassed and, together with the potential presence of gas hydrates as cementing material, can
form a low-permeability barrier. In line with the geochemical observations of active fluid flow
at the summit and absence of fluid flow along the flanks (Figure 3-4), these seismic signatures
(Figure 3-3) further strengthen our interpretation. This highlights that already degassed “paleo-
mud flows” may freely consolidate once the gas is released and develop lower porosities or,
alternatively, that cooling of the interstitial fluids within the “paleo-mud flows”, allows the
development of gas hydrates. Both situations result in the “paleo-mud flows” acting as flank
seals, letting almost no fluids seep through. The hypothesized fluid circulation system at the
moat area is represented in Figure 3-6. Consistent with the fluid flow detected at the moat sites,
the background stratigraphy displays stacked enhanced reflectors beneath the moat, following
the edge of the MV edifice (see BR in Figure 3-3 and orange area in Figure 3-6b). These stacked
enhanced reflectors indicate upward fluid seepage of gas-enriched sediments, as detected in the
pore water samples, and mark an additional fluid pathway within the edifice. Notice also that
the shortest escape path (highest pressure gradient) for fluids within the main conduit is not
through the main edifice, but at its rim, through the moat.

(a) INS2_Line23, Ginsburg MV (Uninterpreted)
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(b) INS2_Line23, Ginsburg MV (Interpreted)

_SW rim-related summitEr NE

fluid pathway

TWT(s)

2.0

Figure 3-6. Uninterpreted (a) and interpreted (b) segment of seismic line INS2 Line23
crossing the Ginsburg MV (see bold dark grey line in Figure 3-1b for location). Main conduit
and rim-related fluid pathways along the edge of the extrusive edifice are indicated (orange
areas). The curved black arrows show the rise of saline, Sr-rich fluids along the edge of the
MYV main conduit. AUGC Allochthonous Unit of the Gulf of Cadiz, MPD mid-Pleistocene
discontinuity, BOD base of Quaternary discontinuity, 7M top of Miocene discontinuity, 7F
transparent facies, CF' chaotic facies, FF fluid flow, TWT two-way travel time.

3.5.2 Fluid sources

The fluids from the summit of the recently active MVs in both the Gulf of Cadiz and the
Mediterranean Sea display typical geochemical characteristics of clay mineral dehydration, as
evidenced by the freshening (CI depletion) and distinct water isotope signatures (positive '30
and negative 0D values). Other geochemical signatures related to clay mineral dehydration,
such as the uptake of K and the enrichment of fluid-mobile elements B and Li, can also be
observed at the summit, while the increasing trend of Li concentrations at the Milano MV has
been overprinted by the intense freshening. The smectite-to-illite transformation process has
previously been identified as a major fresh water source in driving MV emissions in the region
(Hensen et al., 2007), and occurred mainly in the terrigenous Upper Cretaceous-Miocene units.
In the seismic data across Ginsburg and Yuma MVs, their central conduits are rooted within (or
below) the AUGC (Figure 3-3), which we suggest serves as their root complex (although
limited penetration does not allow to discard the possibility of a deeper source). Assuming a
geothermal gradient of 30 °C/km for the upper accretionary prism of the Gulf of Cadiz
(Grevemeyer et al., 2009) and 25 °C/km for the Olimpi MV field (Camerlenghi et al., 1995),
clay mineral dehydration (60-150 °C) happens at depths of up to 5 and 6 km, respectively. The
same depths coincide with the lower sedimentary units in the Gulf of Cadiz and the décollement
in the Mediterranean Ridge (Deyhle and Kopf, 2001).
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Since the moat fluids follow the same negative correlation of downcore §'%0 increase and 8D
decrease, clay mineral dehydration clearly contributes to their pore water composition.
Nonetheless, compared to the summit fluids, the moat/rim sites show less deviation from
seawater composition, which could be related to a lower fluid ascend velocity. Chemically, in
contrast to the freshening signature at the summit, the pore fluids from the moat/rim sites of
Milano and Ginsburg MVs are highly saline. A significant contribution of residual brines can
be ruled out as they normally cause an enrichment in both §'%0 and 8D, which is not observed
here (Figure 3-5a, 3-5b). Halite dissolution is instead a possible source as it increases the Na/Cl
ratio close to 1 and leaves the isotopic values unchanged, matching the observed characteristics.
Additionally, the parallel enrichment of Sr with CI for Ginsburg MV suggests a common fluid
source for Sr and Cl, i.e. evaporite dissolution processes, at the moat sites. The fluids at
Ginsburg MV contain less-radiogenic Sr that may be derived from dissolving gypsum and
anhydrite minerals, as suggested by the high levels of both Ca and SO4*" at the sites (see S/
Appendix, Figure S3-1). These calcium sulfate minerals are generally enriched in Sr due to the
substitution of Sr by Ca and preserve the 3’Sr/*Sr record of contemporaneous seawater.

Due to a heterogeneous composition and internal deformation that form the accretionary wedge,
the AUGC is seismically characterized by several seismic facies, and in most cases by chaotic
reflectors (Medialdea et al., 2004). The seismic profiles across the Ginsburg MV show strong
reflections within the host sediments of the AUGC, these laterally truncated bright reflectors at
the top of the AUGC could possibly indicate gas-enriched fluid accumulations (see blue dashed
boxes in Figure 3-3). The low amplitude Upper Miocene hemipelagic on top of the AUGC,
likely fine-grained according to the seismic response, forms an unconformity trap for the gas-
enriched fluids below. The AUGC, a mixture of Triassic to Neogene sedimentary units
(Maldonado et al., 1999), contains Triassic evaporites which could fuel the saline, gas-
(presumably methane; e.g., Nuzzo et al., 2019; Somoza et al., 2021b) and Sr-rich formation
waters. Thus, the fluid accumulations in the AUGC may act as the source of saline fluids
detected at the moat sites. In addition, the mobile element B is generally enriched in summit
fluids due to desorption from clay minerals, consistent with intense fluid freshening, while B
is scarce in the moat fluids. The low B concentration at the moat may also be explained by fluid
formation under low temperature conditions. Alternatively, B depletion may be related to lower
advective velocities, as B is strongly adsorbed to clays at low temperatures and most of the
released B in the expulsion fluids can be re-absorbed or trapped by surrounding sediments
during upward migration as the temperature decreases (You et al., 1995).

From the above reasoning, the moat fluids potentially consist of a mixture of three components:
the predominantly saline, Sr-rich fluids, the clay dehydration fluids, and seawater. The saline,
gas and Sr-rich fluids accumulated at the top of the AUGC are expected to migrate along the
edge of the MV feeder conduit and extrusive edifices, taking advantage of this preferential
pathway (Figure 3-6). During their ascent, the freshened fluids fueling the MVs are mixed with
them at various degrees. In addition to the moat sites, the saline fluids have an influence on the
summit sites; previous studies on the summit fluids at the Ginsburg MV show the presence of
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halite leaching and gypsum/anhydrite overprinting the freshened fluids (Hensen et al., 2007;
Xu et al., 2021), which is in agreement with a slight/no enrichment in less-radiogenic Sr.

In addition to the aqueous fluids, it is made evident in the seismic data that a significant
component of the expelled interstitial fluids, both at the summit and moat, is gas (presumably
methane). Similar to the aqueous fluid migration, this study suggests that the upper boundary
of the AUGC is an intermediate trap and may fuel the gas migrating through the rim-related
pathways toward the moat of the MVs. This is corroborated by the observation of biofilms in
the MeBo core (GeoB23047-3) of the Ginsburg MV’s eastern moat at a depth of 9.47-9.80
mbsf (see core description of GeoB23047-3 in [ [1 [] let al., 2020). The depth at which the
biofilm occurs generally corresponds to the sulfate-methane transition (SMT) depth, where the
concentration of sulfate is depleted to near-zero (SI Appendix, Figure S3-1). Briggs et al. (2011)
and [J [J [J [J et al. (2019) have reported such biofilms in fracture-dominated sediments with
their vertical positioning close to the SMT depth, suggesting the production of the biofilm is
closely associated with methane seeps. While thermogenic gases from dewatering sediments
can be inferred, as evidenced by clay mineral dehydration contribution in moat fluids, whether
there is coexisting microbial methane accompanying the shallower fluid accumulation deserves
further investigation. In contrast, the origins of hydrocarbon gases feeding the summit have
been extensively examined in many previous studies. Specifically in the Ginsburg MV’s case,
venting of thermogenic gases with different thermal maturities has been reported, which may
be attributed to the presence of evaporitic deposits: i) clay mineral dehydration and
thermogenic gas formation occur to a depth of approximately 4 km; and ii) further cracking of
methane homologues (metagenesis) take place beneath salt deposits at greater depths (Nuzzo
et al., 2009).

3.5.3 Role of rim-related fluid pathways during MV evolution

In the evolutionary models of mud volcanoes (Ledn et al., 2007, 2012; Menapace et al., 2017b),
MVs episodically experience violent eruptions with edifice build-up, while interval phases of
depletion and quiescence account for a large part of their life cycle (over 95-97%; Kopf and
Behrmann, 2000; Menapace et al., 2019), characterized by reduced seepage activity and the
development of moats.

The MVs investigated in this study are all in their depletion and quiescence phases, nonetheless,
our results infer that they all have different “activity levels”. Among them, the Meknes MV is
a relatively young structure in a depletion stage of mud volcanism, showing a flat summit with
an absence of hemipelagic coverage and a minor or no moat at the base. The fluid seepage at
the summit of the Meknes MV has a far higher flow velocity (129.2 cm/yr) than the other MV
reported here, which rapidly diminishes towards the periphery, indicating intense fluid
emission fueled by the central conduit. In a more advanced stage of mud volcanism, the
formation of moats at the base of the MV edifices is observed at the Milano, Yuma, and
Ginsburg M Vs, and is generally related to a depleted mud reservoir and a volume loss at depth
in the phase of reduced seepage activity (Camerlenghi et al., 1995; Van Rensbergen et al., 2005;
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Kirkham et al., 2018). Compared to the Meknes MV, the Milano, Yuma, and Ginsburg MVs
have reduced fluid flow velocities at their summit sites and, more importantly, the development
of moats provides an additional, shallower fluid circulation system within these features. Lastly,
the Rabat MV, which has a thick layer of hemiplegic sediment in the summit core, has
experienced a longer period of inactivity and is in a quiescent stage. While there is currently
no evidence for upward advection on its summit, diffusion of saline fluids has been reported at
its moat area.

Throughout the depletion and quiescence stages of MV evolution, the formation of a moat
provides a conduit along the edge of the MV feeder channel and extrusive edifices where the
pressure gradient is maximal and fluids preferentially ascend. Shallow fluid sources present
around the MVs could significantly contribute to the MV fluid circulation system taking
advantage of this additional pathway. Based on the modeled fluid velocities and bathymetry
data, we calculated the flow rate in the moat area of the Ginsburg MV, in order to compare it
to the summit area (central dome, Figure 3-7). The moat area extends from the MV base to the
point with maximum curvature which separates it from the undeformed seafloor (Figure 3-7).
The calculated flow rate in the moat area (estimated at 1.5x10* m®/yr) demonstrates how

significant it is compared to the flow rate calculated for the summit region, reaching an
estimated at 1.3x10* m*/yr. These findings emphasize the crucial involvement of the moat area

in the fluid circulation system of the MV, implying that the rim-related fluid pathway may
contribute substantially to fluid emissions since depletion and quiescence periods prevail.
While fluid seepage at both the summit and moat areas has much lower flux rates during periods
of depletion and quiescence, the generally short-lived and intense nature of the eruptive phases
results in these two phases making a comparable contribution to the global fluid and element
budget.

Several previous studies estimate methane emission through MVs; among them Milkov et al.
(2003) reported ~1.59x10" g/yr during quiescent periods and ~1.71x10' g/yr during

eruptions. Moreover, field measurements of the methane flux on onshore MVs suggest that
diffuse and invisible degassing surrounding the vents (mini- and micro-seepage, e.g., Etiope et
al., 2002; Spulber et al., 2010) may result in higher gas emissions to the atmosphere compared
to focused emissions in visible manifestations like craters (macro-seepage) (Etiope et al., 2007;
Hong et al., 2013). According to Etiope et al. (2011), mini-seepage accounts for >75% of the
total methane emissions for the Tokamachi MVs in Japan. Due to their widespread and
extended presence throughout the structure, as well as their longer-lasting activity, mini- and
micro-seepage can be more significant than macro-seepage, which is more commonly
associated with eruptive events, a mere snapshot in the life span of MVs. However, previous
estimates of methane flux from offshore MVs only considered macro-seepages, and mini-
/micro-seepage of methane is expected to be insignificant due to oxidation and dissolution
processes. Our findings in the moat area suggest that this sort of mini-/micro-seepage site in
the MV structure must be re-evaluated as an important fluid emission feature which has the
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potential, during non-active MV phases, for considerable fluid flux. Though methane flux is
constrained by the AOM process, as confirmed by the occurrence of biofilm in our core,
aqueous fluid flux plays a vital role in facilitating the transfer of elements from the lithosphere
to the hydrosphere. Furthermore, for onshore M Vs, this study can offer valuable insights into
mini-/micro-seepage sites such as moat areas, and their evolution stages, particularly during
depletion periods when the moat is forming. These aspects should be the primary focus of
attention for further research.

flow rate
1.3%10* m*lyr
(47.63%)

23047-3 )

230
©23010-1

23024-4
23024-3

Figure 3-7. Geomorphological features used for flux estimation marked on the bathymetric
map of Ginsburg MV. Locations of sampled sediment cores are indicated as white dots.

3.6 Conclusions

Anomalous salinity patterns (freshening at the summit vs. salinization at the moat) were
detected at the Yuma, Ginsburg and Milano M Vs, spanning from the Gulf of Cadiz into the
eastern Mediterranean Sea and providing the initial scientific curiosity for this study. Fluid
geochemistry, pore water modeling and high-resolution seismic data have been used to propose
a model that explains the fluid circulation patterns behind these pore water signatures. The
freshening signature at the summit of the MV structures is fueled by the clay dehydration
process at depth up to 5-6 km, which moves along the central conduit and is generally
constrained to these areas. The saline pore fluids at the moat/rim sites are instead related to
shallower fluid accumulations, where the fluids’ geochemistry is strongly affected by the
widely distributed evaporites in both the Gulf of Cadiz and Mediterranean Ridge. Seismic data
allows to infer that both fluid pathways channel a significant amount of methane. In particular,
seismic imaging of the Ginsburg MV reveal that the additional fluid sources for the moat sites
are probably trapped at the top of the AUGC by the overlying fine-grained Upper Miocene
sediments, and migrate through the edge of the MV feeder conduit and the extrusive edifices.
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While younger MVs demonstrate a strong influence of clay dehydration across the whole
structure with a higher fluid velocity at the moat sites, the inactive MVs present different flow
characteristics. This suggests that the rim-related fluid pathways are occupied by the freshening
fluids during an early development stage of the MV structures, while further (shallow) fluid
source(s) could contribute to the MV fluid circulation system and dominate the fluid
composition through this additional pathway, especially during a later evolutionary stage when
the moat is being developed. The calculated flow rates at the moat area, in the Ginsburg MV
case study, indicate that the rim-related fluid pathways have an important significance in MV
fluid circulation, showing a generally equivalent or even higher contribution to fluid emission
compared to the summit area. Similar to terrestrial MVs areas away from summit sites,
degassing through mini- and micro-seepage, this study on marine MVs further highlights that
moat/rim areas, as mini-/micro-seepage sites, provide an important contribution to the global
fluid budget, as well as to the global element budget. Given our overall findings, we advise to
not only sample and study the summit areas of M Vs, but also the peripheric systems of these
complex, fascinating structures, in order to boost our understanding of cold seep systems and
global geochemical balances.
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Abstract

Transform faults (TFs) represent important structures defining strike-slip boundaries between
tectonic plates. The Gulf of Cadiz (GoC) hosts the easternmost part of a major North Atlantic
TF system which defines the Africa-Eurasia plate boundary in the region, the South West
Iberian Margin (SWIM) faults zones. Along this boundary are scattered abundant fluid seepage
structures, most of which are associated to the faults’ surficial expressions.

Here, we examine fluid geochemistry and in-situ heat-flow data to investigate the origin and
distribution of fluid circulation in the GoC accretionary wedge. We show an intense interaction
of the ascending fault fluids with Triassic evaporites at depth, as they present high Na, Cl, Ca,
Br with decreasing Br/Cl and less radiogenic ¥Sr/*Sr, compared to present-day seawater
values. When related to an evaporitic endmember from a nearby pockmark site, fault fluids
exhibit more radiogenic 8’Sr/%¢Sr (0.7084-0.7087), suggesting amounts of continental crust
fluids are admixed. Ternary mixing model indicates that up to 22% of the deep fluids expelled
might be traced back to a crustal origin. Physically, deep fluid circulation is further supported
by the anomalously high heat-flow values at the seafloor, when crossing the fault trace (73.3-
121.9 mW/m?). We therefore present first evidence of active flow in the SWIM faults and
crustal-scale fluid exchange spanning from the Horseshoe Abyssal Plain to the upper
accretionary wedge. This study is advancing our understanding of the deep hydrologic cycle in
transform-type plate boundaries, which is critical to define active tectonic patterns, fluid
pathways and element exchange between geosphere and hydrosphere.
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Significance Statement

Since their discovery in the 1960s on the Atlantic seafloor, transform faults (TFs) have been
identified all over the globe. These strike-slip fault zones accommodate the lateral movement
of adjacent tectonic plates and can exist both in continental and oceanic lithosphere. While
continental TFs are relatively well studied (i.e., San Andreas Fault), less is known about
oceanic TFs due to limited accessibility. This work investigates the fluid-rock interaction in
the easternmost Azores-Gibraltar Fracture Zone, providing evidence of fluid flow originating
at several kilometers below the seafloor. The findings help characterize the Africa-Eurasia plate
boundary in the region, further contributing to the thought of oceanic TFs as important settings
for deep-sourced fluid flow circulation and their impact on global mass balances.

4.1 Introduction

Fluid discharge at the seafloor is a widespread natural process, which has a significant impact
on the chemical and biological composition of the ocean, additionally influencing plate
tectonics and slope stability (Judd and Hovland, 2007). In most cases, the emitted fluids have
a distinct chemical composition resulting from various water-rock reactions at depth, which
leads to element exchanges between the lithosphere and the ocean. While scientific research
regarding fluid discharge has mostly been conducted on divergent and convergent plate
boundaries, i.e., hydrothermal vents at mid-ocean ridges (Elderfield and Schultz, 1996) and
cold seeps/mud volcanoes (MVs) in subduction zones (Mazzini and Etiope, 2017; Menapace
et al., 2017b), the reported findings at transform plate boundaries are still limited (Hensen et
al., 2019). Nonetheless, as strike-slip faults provide favourable conduits for vertical fluid flow
due to their stress regime (Tobin et al., 1993), the transform-type plate boundaries, which
consists largely of strike-slip faults, are expected to focus fluid discharge like the other types
of plate boundaries. On the ocean floor, transform faults (TFs) are the loci of intense seismic
activity and large earthquakes such as the 2012 Mw 8.6 Sumatra-Wharton Basin earthquake
(Hill et al., 2015) and the 1941 Mw 8.4 Gloria Fault earthquake (Baptista et al., 2016). Fluid-
related processes play an important role in the occurrence of seismicity (Hensen et al., 2019):
fluid flow can affect the stress state thus determining the fault strength (Saffer and Tobin, 2011)
and fluid-rock interactions can alter the composition of fault material, which is a key factor
controlling the frictional properties of faults (e.g., Lauer et al., 2017). Therefore, fluid seepage
in transform systems is closely related to tectonic activity and earthquakes.

The Atlantic segment of the Africa-Eurasia plate boundary named the Azores-Gibraltar fracture
zone (AGFZ) is a prominent transform system (Figure 4-1). At the easternmost segment of the
AGFZ, a set of WNW-ESE trending strike-slip faults, the South West Iberian Margin (SWIM)
faults zone, cuts across the Gulf of Cadiz (GoC) and has been proposed as one of the candidate
sources for the 1755 Great Lisbon earthquake (Zitellini et al., 2009). Along the SWIM faults,
widespread fluid emissions features like MVs and pockmarks have been reported from the
upper accretionary wedge to the Horseshoe Abyssal Plain (Baraza and Ercilla, 1996; Pinheiro
et al., 2003; Xu et al., 2021), and the role of strike-slip faults to serve as pathway for the
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ascending fluids has been established only for the deep-sea area, outside the GoC accretionary
wedge (Hensen et al., 2021). While there the fluid circulation along the SWIM faults has been
speculated to originate in oceanic crust older than 140 Ma (Scholz et al., 2009; Hensen et al.,
2015, 2021; Schmidt et al., 2018), no crustal-sourced fluid flow has been reported in the upper
accretionary wedge, where the ocean-continent transition crust is concealed beneath up to 13
km thick sediments (Thiebot and Gutscher, 2006). Furthermore, the role of the strike-slip faults
in the upper accretionary wedge (Figure 4-1) is still debated, since active tectonic (prolongation
of the SWIM faults) or gravitative deformation (surficial structures unrelated to the SWIM
faults) have been both identified as possible mechanisms (Zitellini et al., 2009; Crutchley et al.,
2011; Somoza et al., 2021a). In this study, we present the first direct evidence of active fluid
flow along the easternmost segments of the SWIMI1 fault and investigate the origin and
distribution of the fluid circulation in the tectonic structures of the upper accretionary wedge.

— Taow N T 78w T1IBW
Figure 4-1. (A) Bathymetry map of the GoC with its main tectonic features. 50 m grid collected
during the expeditions M 149 and M167. The core sites used in this study (SI Appendix, Table
S4-1) are shown as red triangles (gravity core) and red dots (MeBo cores in Figure 4-1B, 4-

1C). Other MVs and flower structure sites are shown as grey triangles and grey dots,
respectively. The dashed line shows the inset location of Figure 4-8. The main crustal domains
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defined by Martinez-Loriente et al. (2014) are grouped into continental affinity and oceanic
affinity and shown in faded colors of pink and blue respectively. Other abbreviations used in
the figures are: GF Gloria Fault, CAMV Captain Arutyunov MV, ATI MVs Abzu-Tiamat-
Michael Ivanov MVs, FSs flower structure sites. (B-C) Detail of the pull-apart basin formed
along the SWIM fault zones with sites of MeBo cores (red dots) and heat-flow measurements
(white dots).

4.2 Materials and methods

4.2.1 Bathymetry

The bathymetric data of the GoC were acquired during cruises M149 (in 2018) and M167 (in
2020) onboard R/V Meteor, using the Kongsberg Simrad EM122 multibeam system operated
at a frequency of 12 kHz with 432 beams per ping. Further information about the technical
specifications of the instrument is given in Hiipers et al. (2020) and Menapace et al. (2021).
Monitoring and quality control of the data was conducted with the Kongsberg Seafloor
Information System (SIS). The multibeam data were processed using the programs MB-System
and Generic Mapping Tool (GMT) and visualized by ArcGIS software. The pixel resolution of
the bathymetric maps is 50%50 m for both the main study area map and the insets with the
individual structures.

4.2.2 Heat flow

During the M149 cruise, heat flow measurements were conducted on the pull-apart basins
along the SWIM1 faults by using the 6 m long heat flow probe of the University of Bremen.
The heat probe is equipped with 21 thermistors over a 5.2 m long sensor tube and has a classical
“violin bow” design (Hyndman et al., 1979). To measure the in situ thermal conductivity, a
heater wire which can generate high energy heat pulses is installed on the heat probe. For each
measurement, the heat probe firstly penetrates the seafloor and then stays in the sediments for
7-8 minutes to equilibrate to in situ temperatures. After equilibration, the heat probe takes 8
additional minutes to wait for the heat pulse decay. The temperature sensors have an accuracy
of 1 mK. Detailed description of heat flow measurements can be found in Hiipers et al. (2020).

4.2.3 Sediment coring and pore water sampling

During cruises M 149 and M167, two MeBo cores (GeoB23069-1, GeoB23073-1) were taken
along the path of the SWIMI faults and one gravity core (GeoB24208-1) was recovered from
a pockmark structure. Gravity cores were taken using a corer which utilizes a 5.75 m-long steel
barrel with a plastic liner inside, while MeBo cores were sampled by a remotely operated
seafloor drill-rig, the MARUM-MeBo70 (Hiipers et al., 2020; Menapace et al., 2021). The
MeBo core barrel is only 2.5 m, but MeBo cores can be recovered using a wire locked to the
inner core barrel with an overshot, process during which the outer drill string stays in the
drilling hole (Freudenthal and Wefer, 2007). Therefore, long cores up to 70 m can be obtained
by the MARUM-MeBo70 with the wire-line coring technique. After retrieval on deck, the
plastic liner was removed from the core barrel, cut into 1.5 m (MeBo cores) or 1.0 m (gravity
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cores) sections, sealed with plastic caps and labelled. Right after that, electric driller was used
to make small holes on the plastic liner and the pore water was extracted from whole-rounds
with Rhizon samplers attached to syringes following Dickens et al. (2007). For MeBo cores,
three pore water samples were taken every 120 cm, whereas the sampling frequency for gravity
cores is three samples per 100 cm. 20 ml air-tight PTFE vials were used to store the pore water
specimens in a 4 °C cool room prior to laboratory measurements.

4.2.4 Chemical analyses

The collected pore water samples were analyzed for their ion compositions in the shore-based
laboratories at MARUM (GeoB23069-1, GeoB23073-1) and GEOMAR (GeoB24208-1), with
an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) and an Ion
Chromatograph (IC). The ICP-OES was used to determine the soluble cation concentrations
(Na, K, Ca, Mg, B, Li and Sr). Before ICP-OES measurements, pore water samples were firstly
acidified with concentrated HNO3 to dissolve the solids precipitated during storage, and then
diluted with 1% HNOs3 to suitable concentrations. Instead, the anion concentrations (CI-, Br’
and SO4*) were determined by IC. To avoid the addition of anions to pore water, the samples
were firstly centrifuged, and the precipitates removed. Subsequently, the pore water samples
were diluted with Milli-Q water and finally measured.

4.2.5 Isotopic analyses

Water isotopes of fluids were analyzed in the MARUM Inorganic Geochemistry Lab at the
University of Bremen, using a Cavity Ring-Down Spectrometer. The measured values are
reported relative to Vienna Standard Mean Ocean Water (V-SMOW) with a precision (2c) of
+0.8%o0 for 8D and +0.25%o for §'%0. Sr isotopes were measured in the Marine Isotope
Geochemistry Lab at GEOMAR with a Thermal Ionization Mass Spectrometer. Based on Sr
concentrations from ICP-OES measurements, ~1.5 pg Sr per sample was separated for samples
through ion exchange chromatography using a SrSpec resin (Eichrom). Repeated tests on
strontium carbonate isotopic standard NIST SRM 987 yield a reproducibility of 0.000004 (2SE,
n=4). All the results were corrected for decay of ®’Rb and normalised to a value of 0.710248
for NIST SRM 987 (McArthur et al. 2004). The 2SE uncertainties for all the measurements are
<0.000023.

4.2.6 Fluid mixing models
In this study, fluid mixing models based on Sr concentration and the ¥’Sr/%¢Sr isotope ratio
were used to evaluate different fluid sources. Both binary and ternary mixing models were
considered. In the plot of 8’Sr/%6Sr vs 1/Sr, fluids resulting from binary mixing fall along a line
between the two endmembers (Wang et al., 2020), while those from ternary mixing lie in a
triangle. The triangle is constructed by connecting the binary mixing lines of any two of the
three endmembers. The contribution of each component can be quantified with ternary mixing
simultaneous equations for the three endmembers:
Xg+Xg+Xc=1 e.q.(4.1)
Cyix = Co' Xy + Cg-Xp + Co- X e.q.(4.2)
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CaXa Ry (Rpt1) (Ret1)+Cp Xp Rp (Ryt1) (Rct1)+Cc X R (Ryt1)(Rpt1)
Ruix = e X Ryt 1) (Re 1)+ CpXp (Rat 1) (R 1) -Co Ko Ryt 1) (Ry+1)
e.q.(4.3)
where X is the proportion (i.e., contribution) of each endmember, C is the Sr concentration, R

is the 87Sr/*®Sr isotopic ratio, and the subscript 4, B, C and Mix denote the three endmembers
and their mixed fluids with the predetermined proportion X for each component. For binary
mixing, it suffices to assign a proportion X = 0 to one of the endmembers.

4.3 Results

As pore fluid movement affect the thermal structure of the seafloor sediments, surface heat
flow distribution is a sensitive tracer for fluid discharge at the seafloor. For example, heat flow
anomalies caused by pore fluid movement have been reported in subduction zones, transform
faults and active fluid venting structures (Lachenbruch et al., 1980; Yamano et al., 1992; Vogt
et al., 1997). In order to find out if the easternmost segments of the SWIM1 fault is currently
discharging fluids, heat flow measurements have been performed at two pull-apart basins on
different fault segments (Figure 4-1). For further tracing and constraining fluid sources, the
composition of pore waters sampled from sediment cores recovered during Meteor cruises
M149 and M167 including measurements of H, O and Sr isotopes are used in this manuscript.
Fault fluids are from 2 MeBo cores (GeoB23069-1, GeoB23073-1), which sampled two
different pull-apart basins on the SWIMI1 fault segments (Figures 4-2A and 4-3). MeBo is a
seafloor drill rig remotely operated from a research vessel deployed during the M149 in
addition to the gravity corer (see M 149 Cruise Report, (1 [ [ let al., 2020). The gravity core
data shown in Figures 4-2B and 4-3 are from a nearby pockmark site (Figure 4-1; also see
M167 Cruise Report, Menapace et al., 2021), where its chemical and isotopic composition is
selected for comparison with the fault sites, and are correlated to previously published data
from MVs distributed across the GoC (Hensen et al., 2007, 2015; Scholz et al., 2009; Haffert
etal., 2013).

In the central area of the two pull-apart basins, high heat flow values of 73.30 mW/m? and
121.90 mW/m? were obtained near two sites selected for MeBo coring, GeoB23069-1 and
GeoB23073-1 respectively (Figure 4-1B, 4-1C and SI Appendix, Table S4-1), while the
northern margin of the northernmost basin showed a heat flow of 48.80 mW/m?, consistent
with background values in the region. The background heat flow in the upper accretionary
prism reported from the literature is 45 mW/m? (Grevemeyer et al., 2009).

Pore water profiles of major and minor ions present differences between the fault sites and
other fluid emission structures (Figure 4-2). Similar to the trends on the M Vs, the pockmark
pore fluids show a general decrease in SO4>", Ca, Mg, K and Br and an increase in B, Li, and
Sr with depth. While most MVs show typical clay dehydration signals (Cl depletion), the
pockmark site displays increasing Na and Cl concentrations with Na/Cl ratios close to one,
similar to that observed at the Mercator MV (Haffert et al., 2013). In contrast, pore fluids from
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the faults show major differences in chemical composition. Due to the greater drilling depth of
MeBo (compared to conventional gravity coring), the fraction of deep fluid signals is greater
thus offering a better understanding of the fluid-mixing processes. These fluids are
considerably enriched in Na and Cl and have low Br/Cl ratios of 0.79 X 1073 (GeoB23069-1)
and 0.52 X 1073 (GeoB23073-1) in the deepest samples (SI Appendix, Figure S4-1). While
SO4* depletion is also observed in fault fluids, the behaviour of Ca, Mg, K, Br and B is different
from the trends observed in MV fluids. The fault fluids show no enrichment or even depletion

of the fluid-mobile element B, and strong enrichment of Ca, Li and Sr.
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Figure 4-2. Pore water profiles of Cl,, Na, SO4*, Ca, Mg, K, Br, B, Li and Sr in sediment cores
from fault sites (A) and pockmark site with literature data of other MVs (B). Dashed lines

75



indicate seawater values. Data for the Mercator MV, CAMYV, Porto MV and ATI MVs are from
Haffert et al. (2013), Hensen et al. (2007), Scholz et al. (2009) and Hensen et al. (2015). Violet
square represents proximal MVs, while light blue one represents distal MVs.

Results of water isotope analyses are summarized in Figure 4-3A together with previously
published data from proximal MVs (Mercator and CAMYV, close to mainland Morocco) and
distal MVs (Porto and ATI MVs, close to or on the abyssal plain) (Hensen et al., 2007, 2015;
Haffert et al., 2013). The end member fluids from the pockmark show positive 830 (5.13%o to
6.25%0) and negative oD values (-13.33%o to -16.01%o), consistent with the trend depicted from
previous findings on MVs. However, pore waters from the fault sites do not deviate much from
the seawater composition with §'%0 and D values between +0.06%o to +0.57%o and -7.98%o
to +3.10%o, respectively (Figure 4-3A). The Sr concentration and isotopic composition of pore
fluids are plotted in Figure 4-3B. Previous studies reported high radiogenic Sr isotopic
compositions for proximal MVs (Haffert et al., 2013) and low radiogenic Sr isotopic
compositions for distal MVs (Hensen et al., 2015) compared to seawater values, whereas the
pore fluids of pockmark and fault sites analyzed in this study display ®’Sr/*Sr ratios in the
range of 0.7083-0.7089 below that of modern seawater.
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Figure 4-3. Plots of 8D vs. 830 (A) and ¥’Sr/%¢Sr vs. 1/C1 (B) for end member fluids at faults
and pockmark sites. The seawater value (black square) and the data for Mercator MV, CAMYV,

76



Porto MV and ATI MVs are shown for comparison. Violet oval encloses proximal MVs while
light blue one encloses distal MVs. The solid line in A represents the global meteoric water
line (GMWL) (Craig, 1961). The dashed line in A represents the two-end member mixing
between seawater (3D = 0; 3'%0 = 0) and clay-mineral-derived water (8D = -30; §!%0 = 12,
Hensen et al., 2015). Theoretical water isotope values for inputs of 14%, 25%, and 30% clay
dehydration are represented by red points. The ¥’Sr/*Sr values for terrigenous sediments,
Triassic evaporites, continental and oceanic crust are indicated in B by the vertical bar on the
left side (Banner, 2004; Scholz et al., 2009; Orti et al., 2014).

4.4 Discussion

4.4.1 Elevated heat flow as an indicator for upward fluid flow

At the selected fault sites, elevated heat flow values are observed along the fault traces,
suggesting upward fluid flow. While the measurements taken away from the faults show a mean
of 50.52 mW/m? (Figure 4-4 and SI Appendix, Table S4-1), in agreement with the background
heat flow (45 mW/m?; Grevemeyer et al., 2009), the high heat flow values obtained at the fault
sites indicate active fluid seepage, with all measurements on faults being up to 2 times higher
than background values (Figure 4-4). Similarly, Hensen et al. (2021) present high heat flow of
74.5 mW/m? (compared to background values of 52-59 mW/m?; Grevemeyer et al., 2009) and
element fluxes at the westernmost segment of the SWIM1 fault, in the Horseshoe Abyssal Plain
(flower structure sites in Figure 4-1A). Further west, the Meteor cruise M162 also detected
elevated heat flow values along the Gloria fault in early 2020 (Hensen et al., 2020), showing
seamlessly uninterrupted fluid flow emissions all over the AGFZ. Interestingly, other transform
faults such as the Vema TF, in the central Atlantic, show similar heat flow patterns (Khutorskoi
and Polyak, 2017). In the active part of the Vema TF, high heat flow values of 250-270 mW/m?,
compared to a background of 220 mW/m?, are caused by convective discharge of the oceanic
crust (Khutorskoi and Polyak, 2017).
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Figure 4-4. Heat flow data across the easternmost segments of the SWIMI1 fault.
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4.4.2 Fluid origins: evaporites dissolution versus clay dehydration

In order to determine the fluid sources along the SWIMI fault system, we summarized the
stratigraphy, lithology, potential fluid sources and their geochemical characteristics of typical
elements in the upper accretionary wedge of the Gulf of Cadiz (Table 4-1). The origin of the
fluids can be deduced by analyzing the composition of fault fluids. In addition, a pockmark site
(Figure 4-1) was selected for comparison. The key geochemical characteristics of pockmark
fluids include: 1) enrichment of Na and Cl in pockmark fluids, indicating significant evaporite
influence on pore water geochemistry (Figure 4-2B; Menapace et al., 2021); ii) similar overall
composition and variation trend of pockmark fluids compared to MVs fluids (Figures 4-2B and
4-3A); and iii) lower ¥’Sr/%Sr ratios in the pockmark fluids compared to modern seawater,
which are also a primary characteristic of the fault fluids reported here (Figure 4-3B).

At both fault and pockmark sites, a clear geochemical signature resulted from interaction with
evaporites is evident in the ascending pore water (Figure 4-2), and thus a contribution from an
evaporitic end member can be inferred for these samples. Basing on the behaviour of §'%0 and
Br/Cl with increasing salinity (Figure 4-5 and SI Appendix, Figure S4-1), the generation of
evaporitic fluids is attributed to halite dissolution with little contribution from late stage
evaporites or brines (Gieskes and Mahn, 2007). While the high Na and CI concentrations in the
pockmark and fault fluids show that halite is the main component of the dissolved salts, the
contribution of other evaporite minerals like gypsum and late-stage potash minerals (sylvite
and carnallite) is also observed in the fault samples. High Ca concentrations beyond gypsum
equilibrium (Ca: ~40 mM; Fontes and Matray, 1993) and the parallel enrichment of K, Mg and
especially Br (up to 2.10 mM in GeoB23069-1, Figure 4-2) support this hypothesis (McCaffrey
et al., 1987; Gieskes and Mahn, 2007). While some solutes in the pockmark site are expected
to be involved in diagenetic processes like shallow carbonate precipitation and clay mineral
dehydration (see also discussion below), the pore water constituents in the fault samples,
especially in GeoB23069-1, are consistent with the influence of dissolution of the Triassic
evaporites in the GoC which contains halite, gypsum, shallow-water carbonates and minor
amounts of carnallite and sylvite (Holser et al., 1983; Maldonado et al., 1999; Scholz et al.,
2009).

Triassic evaporites cover extensive parts of the basement forming a series of salt diapirs dotting
the accretionary wedge (Table 4-1; Maestro et al., 2003). Their accumulation on top of the
basement is related to the development of a rifted passive margin and the opening of the
Atlantic Ocean in Triassic-Jurassic times (Maestro et al., 2003; Tari et al., 2003). During the
Late Tortonian, the Allochthonous Unit of the Gulf of Cadiz (AUGC) was emplaced in the
region and represents the thickest unit of the sedimentary cover, which is a mixture of Triassic
to Neogene sedimentary units containing such Triassic diapirs (Maldonado et al., 1999;
Medialdea et al., 2004). With the seaward advance of the AUGC, the extension at the back of
the AUGC favoured mud and salt diapirism of Miocene marls and Triassic evaporites, piercing
the AUGC until and reaching, in some cases, the seafloor surface (Medialdea et al., 2004).
Thus, the AUGC is hosting both Triassic salt (diapirs) and terrigenous sediments, showcasing
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Table 4-1. The stratigraphy and lithology of the sedimentary cover at the upper accretionary wedge, along with the potential fluid sources, their
87Sr/%Sr values, and their respective impacts on the concentration of typical elements in pore water.

Stratigraphy? Lithology® Thickness? Fluid sources Na Cl1 &% 8D Sr 8Sr/%Sr
Miocene marly clays and sands, | |
U. Miocene to | and Pliocene-Quaternary f’;
g Quaternary | hemipelagic deposits, e Contemporaneous
._g contourites and turbidite beds ¢ Evaporitic fluids Hymy seawater
S| MidtoU. a mixture of Triassic salt units 5 (el gl dissoliipion) 0'70.76_0'7081
¥ Miocene (Inc. | and under-compacted Miocene | |~ . s, % Radiogenic (O o e 20H)
AUGC) plastic marls and shales =~ Clay mmgral 2 = 0.7094-0.7150
_ _ i | dehydration _ Z (8 (Scholzeral
Cretaceous to temgenous sediments .(shales (60-150 °C) Hydrocarbon generation h = B 0'0 9) 2 =
L .E(.acene with chert layers and limestones (> 150 °C, wet gas to / /
- ' at the base) E post-maturity stage)
U. Jurassic® | clayey limestones i
e Zzzpriﬁﬁzi ;i?éﬁi’tsaﬁéiﬁsﬁ . Evaporiti(_: ﬂuids? / / Contemporaneous seawater
- ierals) (evaporites dissolution) 0.7076-0.7081 (Orti et al., 2014)
Continental crust (radiogenic):
Basement C e 0.7150 (Banner, 2004)
(OCTY Fluid injection from basement esiiie it (o)
0.7030-0.7037 (Banner, 2004)

aStratigraphy and lithology in the Gulf of Cadiz are defined by Maldonado et al. (1999), Medialdea et al. (2004).
YU, Jurassic unit is constrained to the westernmost part of the Gulf of Cadiz near Coral Patch Ridge and is absent on the accretionary wedge.
¢The basement located in the study area consists of Ocean-Continent Transition (OCT) erystalline crust.
94U, Miocene to Quaternary unit: 1.5 s TWT (about 1.5 km assuming a velocity of 2.0 kny/s, after Gonzalez-Fernandez et al., 2001);
Mid to U. Miocene unit: 2.5-5 s TWT (about 2.7-5.5 km assuming a velocity of 2.2 km/s, after Gonzalez=-Fernandez et al., 2001);
Mesozoic to L. Eocene unit: 0.6-0.8 s TWT (about 1-1.5 km assuming a velocity of 3.7 km/s, after Medialdea et al., 2004, Gonzalez-Fernandez et al., 2001).
eThe *+’ (increase) and ‘-’ (decrease) signs represent changes in element concentration caused by respective fluid sources. “Positive” and “Negative” represent the
sign of 130 and 8D values of clay dehydration-derived water.
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evaporite dissolution and clay mineral dehydration, where the latter is the major fluid source
fuelling mud volcanism in the area (Haffert et al., 2013; Xu et al., 2021).

The pockmark pore waters show major and minor elements trends similar to the MVs (Figure
4-2B), suggesting they are rooted within the AUGC unit and their chemical composition is
altered by the same diagenetic processes: anaerobic oxidation of methane (AOM), associated
carbonate precipitation in the shallow subsurface, and clay mineral dehydration at depth (e.g.,
Hensen et al., 2007). For the fault fluids, the characteristic §'%0/86D signature of clay mineral
dehydration is almost absent (Figure 4-3A). For comparison, the ATI MVs, located outside the
accretionary wedge, show consistently higher signals of clay mineral dehydration (Figure 4-
3A). Moreover, the absence of other associated geochemical clues such as the uptake of K or
the enrichment of desorbed B (Figure 4-2A) is consistent with a missing signal from clay
mineral dehydration. This suggests an almost absent connection with the terrigenous sediments,
thus showing how the fault fluids are in fact “bypassing” the AUGC. The distinct chemical
signatures carried by fluids at the fault sites consequently imply a different, likely deeper fluid
source(s) below the AUGC.
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Figure 4-5. Plot of §'%0 vs. Cl concentration at faults, pockmark and M Vs sites [modified after
Haffert et al. (2013)]. The grey area for smectite-illite transformation has lower and upper
boundary of §'%0 = 7.5%o0-10%o. The seawater value (black square) and the data from Hensen
et al., (2021) for Mercator MV, CAMV, Porto MV and ATI MVs are shown for comparison.

4.4.3 Continental crust fluids as a potential fluid origin

The isotope geochemistry of Sr is a powerful proxy for deducing fluid origins (e.g., Dia et al.,
1995; Chao et al., 2013, 2022). Here we utilized Sr data to: 1) reinforce the confirmation of
evaporite influence on both fault and pockmark fluids, and ii) infer the contribution from a third
endmember to the fault fluids. The 'Sr/*°Sr data from different sites were plotted against 1/C1
(Figure 4-3B). It is evident that data from the same site generally align along a continuum
between an endmember and seawater (i.e., binary mixing), suggesting that samples from
different depths represent mixtures with varying proportions of seawater. Extrapolating this
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continuum line to the maximum dissolved CI concentrations (1/Cl = 0) yields an isotopic ratio
reflecting the 87Sr/%6Sr value in evaporites. For the pockmark samples, the extrapolated ®’Sr/*¢Sr
ratio is 0.7080, which falls within the range of 0.7076-0.7081, as reported for Triassic sulfates
onshore in Spain (Orti et al., 2014). This further supports the assertion that Triassic evaporitic
fluids constitute a predominant source for these samples. It should be noted from the prominent
negative correlation of 6'%0 and 8D (Figure 4-3A) that intense clay mineral dehydration is
happening at the pockmark (Sheppard and Gilg, 1996); however, the radiogenic Sr released
during that process is negligible, which could be related to the hypersaline fluids composition
(Rafferty et al., 1981). Therefore, Sr isotope ratios in the pockmark fluids indicate that
interactions with Triassic evaporites is likely to represent the pure, non-radiogenic end member.
This is clearly different from Mercator MV and CAMV, where highly radiogenic ®’Sr/%6Sr
ratios derived from interactions with terrigenous material and/or continental crust are reported
(Scholz et al., 2009; Haffert et al., 2013). However, the fault fluids have a slightly higher
radiogenic isotopic signature than the pockmark (Figure 4-3B; ¥’Sr/*Sr = 0.7084-0.7086 at
1/C1 = 0 for the fault samples), pointing towards a third fluid source that can shift the 8’Sr/*®Sr
ratio from the dominant evaporitic endmember values.

In the upper accretionary wedge, the upwelling fluids may interact with continental crust or
terrigenous material and produce a highly radiogenic ®'Sr/*Sr signal (Elderfield and Gieskes,
1982). While leaching of terrigenous sediments cannot be observed from the geochemical data
presented in this paper (see previous discussion), a deeper fluid source, the underlying
continental crust, is then expected to alter the %’Sr/*Sr values (Table 4-1). Due to the
significantly high ¥’Sr/%Sr values (>0.7150, Banner, 2004; Scholz et al., 2009) originating from
the continental crust, admixing of minor amounts of crustal fluids can elevate the ®’Sr/*®Sr
values from the evaporitic endmember to the measured level in the fault fluids. Besides, the
influence of Sr from the modern seawater contamination cannot be ignored in the fault fluids,
as their geochemistry profile does not reach steady state at the lowermost samples (Figure 4-
2A).

In order to test our hypothesis regarding the fluid origins in the fault system and better constrain
the contribution of possible sources, we set up two scenarios with as many three-endmember
mixing models (Figure 4-6). The first scenario tested whether the mixing of seawater,
evaporitic fluids, and clay dehydration water can produce the observed *’Sr/*¢Sr values,
whereas the second scenario examined a mixing model involving seawater, evaporitic fluids,
and continental crust fluids.
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Figure 4-6. Relationship among 8’Sr/*®Sr and 1/Sr of possible sources for faults, pockmark and
MVs fluids. (A) Scenario I, the three-endmember mixing between seawater, evaporitic and
clay dehydration fluids (a triangle constituted by the grey solid binary mixing lines i, ii and iii).
The grey dashed lines indicate the mixing of MV “deep fluids” and seawater. (B) Scenario 11,
the three-endmember mixing between seawater, evaporitic and continental crust fluids (a
triangle constituted by the black solid binary mixing lines I, II and III). The red bar of the
continental crust endmember indicates a Sr concentration varying from 0.85 to 68.5 mM
(Yardley, 2013), and the red square represents a value of 2.2 mM taken from Benito et al. (1999)
as a good approximation for the Gulf of Cadiz. The *'Sr/**Sr values for continental crust,
terrigenous sediments and Triassic evaporites are indicated by the vertical bar on the left side
of the figure (Banner, 2004; Scholz et al., 2009; Orti et al., 2014).

4.4.3.1 Clay mineral dehydration cannot explain 3’Sr/%¢Sr data
The first scenario assumes a mixing of seawater with the upwelling “deep fluids” which are
composed of evaporitic fluids and clay dehydration-derived fluids. The parameters for each
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endmember are as follows: i) seawater (Sr = 0.092 mM, Anthoni, 2006; 37Sr/%Sr = 0.7092,
Banner, 2004), ii) evaporitic fluids (¥’Sr/%¢Sr = 0.7079, Orti et al., 2014), and iii) clay
dehydration-derived fluids (*’Sr/%6Sr = 0.7120, Scholz et al., 2009). Since there is no Sr
concentration data reported in the literature for evaporitic fluids in the Gulf of Cadiz, we
followed the procedure described by Benito et al. (1999) to estimate the Sr concentration for
both evaporitic fluids and clay dehydration-derived fluids, using published data for MV fluids
in the Gulf of Cadiz.

Previous studies have shown that the fluids of CAMV, Mercator and Ginsburg M Vs in the Gulf
of Cadiz are mainly derived from evaporite leaching and clay dehydration (Hensen et al., 2007;
Haffert et al., 2013; Hiipers et al., 2020). Assuming a mixing with seawater, the recovered MV
fluids represent a ternary mixing of seawater, evaporitic and clay dehydration-derived fluids.
In turn, this ternary mixing can be regarded as a mixing of seawater and the upwelling MV
fluids composed of evaporitic and clay dehydration-derived fluids. This is supported by the
fact that the fluid samples from these three MVs and the endmember of seawater fall on linear
lines in the plot of ®’Sr/*®Sr vs 1/Sr (grey dashed lines in Figure 4-6A). We also note that the
MV fluid samples plot on different lines, indicating that distinct proportions of evaporitic and
clay dehydration-derived fluids are mixed at different MVs. Purely “deep fluids” (i.e., without
seawater) should fall on the binary mixing line of evaporitic and clay dehydration-derived
fluids. Since seawater accounts for a minor percentage in the MV fluids with increasing sample
depth, the deepest samples, which have the lowest seawater contents, can be used to estimate
this mixing line. The samples from Mercator and Ginsburg MVs were finally employed
because the line defined by them is farthest from the seawater endmember (grey solid line iii
in Figure 4-6A). By intersecting a horizontal line with an average ’St/*Sr value of evaporitic
fluids and clay dehydration-derived fluids with the binary mixing line, the Sr concentration of
evaporitic fluids (4.1 mM) and clay dehydration-derived fluids (0.58 mM) were obtained
(green and grey squares in Figure 4-6A).

With the Sr concentration and ¥Sr/%6Sr isotope ratio of each endmember determined, we used
e.q. (4.1) to e.q. (4.3) to calculate the relative contributions of seawater, evaporitic fluids and
clay mineral dehydration to our fault fluid samples (Table 4-2). This was undertaken to
determine whether the Sr concentration and Sr isotope composition can be explained by
Scenario I. The results yield a contribution of clay mineral dehydration up to 25% for the
deepest sample at GeoB23073-1 and a contribution >100% for the deepest sample at
GeoB23069-1 (Table 4-2). The high percentage of clay dehydration input is not consistent with
the water isotope data (Figure 4-3A). Moreover, negative values were yielded for seawater
from GeoB23069-1, suggesting that no practical solution exists for the mixing of these three
endmembers. This agrees with the observation that two samples fall out of the triangle
composed by the three endmembers (Figure 4-6A). Therefore, the deviation of Sr isotope ratio
from the evaporitic endmember values in the fault fluids cannot be explained by clay mineral
dehydration.
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Table 4-2. Results of three-endmember mixing models.

Core Number [(Ii;g:% endmember contribution in total fluids [%] endmemberﬂc;gggrg)/lj]t ion in deep
Scenario | seawater evaporitic fluids clay dehydration | evaporitic fluids clay dehydration
GeoB23069-1  5.50 56.02 14.23 29.75 32.36 67.64
GeoB23069-1 19.70 | -14.57 37.26 77.32 32.52 67.48
GeoB23069-1 42.60 | -61.34 53.76 107.58 33.32 66.68
GeoB23073-1 19.70 76.60 9.31 14.09 39.79 60.21
GeoB23073-1 42.60 57.66 17.20 25.14 40.62 59.38
Scenario 11 seawater evaporitic fluids crustal fluids evaporitic fluids crustal fluids
GeoB23069-1  5.50 80.08 15.56 4.36 78.12 21.88
GeoB23069-1 19.70 47.96 40.71 11.33 78.24 21.76
GeoB23069-1  42.60 25.68 58.56 15.76 78.80 21.20
GeoB23073-1 19.70 88.00 9.94 2.06 82.80 17.20
GeoB23073-1 42.60 78.00 18.32 3.68 83.26 16.74

4.4.3.2 Continental crust fluids as a fluid origin and its quantification

The second scenario assumes a mixing of seawater, evaporitic and continental crust fluids, and
is established by replacing the clay dehydration endmember in the first scenario with the
continental crust fluids (Sr = 0.85-68.5 mM, Yardley, 2013; St/%6Sr = 0.7150, Banner, 2004;
Scholz et al., 2009). The effects of changing crustal Sr concentrations on the calculated
contribution of each endmember are shown in Figure 4-7. Taking a Sr concentration of 2.2 mM
(red line in Figure 4-7) which is derived from the continental crust fluids in southeast Spain
(Benito et al., 1999) and could be also representative for the GoC, the results show that at sites
GeoB23069-1 and GeoB23073-1, seawater contributes to 26% and 78% for the deepest
samples (crossed points at solid lines in Figure 4-7; Table 4-2), respectively, while in the pure
“deep fluids”, continental crust fluids amount to 22% and 17% (evaporite
contribution/continental crust contribution = 3.6 and 4.9; crossed points at dashed lines in
Figure 4-7; Table 4-2) respectively. Thus, the Sr signature of the fault fluids can be explained
by this three-endmember mixing model, and the underlying continental crust is a reasonable
fluid source fuelling the “deep fluids” component at the fault sites. Although uncertainties exist
due to the challenges of obtaining endmember samples, we have utilized the published data to
constrain the endmembers, and established a framework for re-evaluating the results as more
data becomes available. Due to the model's complexity, a four-endmember mixing model
involving seawater, evaporitic, clay dehydration-derived, and continental crust fluids is not
considered. However, considering that the first scenario cannot explain the 8’Sr/*Sr data, we
suggest that the involvement of continental crust fluids is indispensable. Therefore, the
continental crust signal inferred in this study is reliable.

In the second scenario presented in this work, crustal-derived fluids act as the fluid sources to
initiate fluid flow and carry the evaporitic signals upward. The dominant process of evaporite
dissolution do not release water, but instead alter diagenetic signals of ambient pore water. The
SWIM faults here provide high permeability pathways for the upward advection of fluids
through otherwise thick, impermeable sediment cover, allowing fluid and energy exchange
between lithosphere and hydrosphere (Figure 4-8). This key finding is also supported by
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prominent heat flow anomalies at the seafloor, in correspondence of the fault sites (Figure 4-
4).
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Figure 4-7. Diagram showing the effects of different Sr concentrations of continental crust
fluids on the results of the three-endmember mixing model. The dashed lines represent the
seawater contribution in the three-endmember mixing model. The solid lines represent the
contribution of evaporitic fluids with respect to continental crust fluids in the pure “deep fluid”.

In the Horseshoe Abyssal Plain, similar mechanisms driving fluid flow through the SWIM
faults have been previously reported on top of flower structures (Figure 4-1A), indicating a
hydrological connection between the seafloor and the old (>140 Ma) oceanic crust (Hensen et
al., 2015, 2021). Our work provides instead new evidence of fluid flow from the continental
crust in the upper part of the accretionary wedge, where the SWIM faults offer important
pathways for crustal fluids exchange through km-thick sediments (Figure 4-8). We therefore
recognize through geochemical and geophysical evidence the continental-ocean boundary for
the tectonic domains identified in the literature (Figure 4-1A; Martinez-Loriente et al., 2014;
Silva et al., 2017), which then acknowledge the SWIM faults as the main tectonic features
cross-cutting the upper accretionary prism. Confirming the presence of continental crust in the
area, we further corroborate the idea that enhanced source rock maturation and hydrocarbon
generation can be caused by higher radiogenic heat (i.e., from the continental crust) compared
to the rest of the GoC, which is underlain by oceanic crust (Nuzzo et al., 2019). Moreover, we
disprove that strike-slip faulting in the upper accretionary prism is happening due to pure
deformation, in order to accommodate downslope compression and upslope extension
(Crutchley et al., 2011), and unrelated to the dextral transform plate boundary system (SWIM).
The deep geochemical signals at the sites analyzed in this paper highlight that modern faulting
in the upper accretionary prism cut through km-thick sediment cover, reaching the continental
crust.

While significant vent and seep activity is well known for convergent plate boundaries (Sahling
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et al., 2008) and especially along the eastern Africa-Eurasia plate boundary (Deyhle and Kopf,
2001; Menapace et al., 2017c), reported fluid activity in TFs which have similar length as
convergent boundaries (Bird, 2003) and cover vast areas of the seafloor is relatively limited.
The SWIM fault zone described here offers a clear example of active fluid flow and heat
exchange in a transform fault setting. Similar observations are reported for the Mendocino
(Stakes et al., 2002) and Vema TFs (e.g., Devey et al., 2018; Prigent et al., 2020), where
methane-rich cold seeps and hydrothermal circulation drive the deep fluids to the surface.
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Figure 4-8. Schematic overview illustrating the fluid formation and flow processes in the GoC
upper accretionary prism. The cores sites and seafloor features investigated in this study are
projected along the profile. See Figure 4-1A for their exact location.

4.5 Implications

The findings presented in this paper offer first evidence of crustal-scale fluid circulation on the
easternmost part of the AGFZ. This suggests an active tectonic state of the SWIM faults along
their whole surficial expression, in contrast to what previously speculated by Crutchley et al.
(2011), which labelled them as surficial deformation structures in the upper accretionary prism.
In light of this study the SWIM faults tsunamigenic potential should be revaluated, as one of
the possible sites expected to host high magnitude earthquakes in the GoC (Silva et al., 2017).
Additionally, the absence of recent significant seismicity reported in the SWIM faults (Silva et
al., 2017), can be now related to the rheological weakening and fault creep induced by the fluid
circulation. Nevertheless, the transition from creep to stick-slip within the fault zones is a
plausible rupture mechanism for large earthquake occurrence (Noda and Lapusta, 2013).

Given the large geographical extent of the AGFZ as a whole, further studies regarding the fluid
circulation along its path will advance our understanding of elements exchange in the region
with applications on a global scale, better defining the AGFZ’s role in the Africa-Eurasia plate
boundary. Transform-type plate boundaries could then bear a considerable potential for fluid
exchange between ocean and lithosphere and are therefore ideal settings for future research.
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Supplementary material
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Figure S4-1. Br/Cl depth profile at fault sites. Dashed lines indicate seawater values. The grey
area depicts Br/Cl ratio ranges in halite.

Table S4-1. Locations of sampled cores and heat flow measurements.

. . . Water Heat Flow
Location Core Number Gear Latitude[°N] Longitude[°W] Depth [m]  [mW/m]
Pockmark GeoB24208-1 GC 35°22.80' 7°12.23' 1190
Pull-apart basin GeoB23069-1 MeBo 35°16.98' 7°19.31 1280
Pull-apart basin GeoB23073-1 MeBo 35°05.66' 7°19.00' 1281
Pull-apart basin GeoB23074-1 HF 35°05.68' 7°19.68' 1274 121.90
Pull-apart basin GeoB23070-1 HF 35°16.97' 7°19.31 1309 73.30
Pull-apart basin GeoB23070-2  HF 35°17.20' 7°19.44' 1309 48.80
Heat flow transect  GeoB23016-1 HF 35°13.34 7°05.33' 944 58.10
Heat flow transect  GeoB23017-1 HF 35°14.30' 7°05.33' 941 57.30
Heat flow transect  GeoB23018-1 HF 35°15.00' 7°05.32' 965 55.20
Heat flow transect  GeoB23019-1 HF 35°15.40' 7°05.31" 1021 116.30
Heat flow transect  GeoB23021-1 HF 35°16.50' 7°05.34' 1017 55.50
Heat flow transect ~ GeoB23050-1 HF 35°05.47' 7°04.19' 867 41.50
Heat flow transect  GeoB23050-2 HF 35°03.48' 7°04.26' 862 45.90
Heat flow transect ~ GeoB23050-3 HF 35°02.81" 7°04.28' 1016 74.70
Heat flow transect  GeoB23050-4  HF 35°01.98' 7°04.34' 883 47.60
Heat flow transect  GeoB23050-5  HF 35°00.26' 7°04.38' 759 44.80
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Chapter 5: Conclusions and outlook

5.1 Conclusions

In this Ph.D. study, cold seeps in the Gulf of Cadiz are investigated through a series of
methodologies, having resulted in three manuscripts, each dedicated to a specific topic. Firstly,
six mud volcanoes (MVs) in the Gulf of Cadiz have been reported and characterized using
hydroacoustic methods, gravity coring, and extensive laboratory testing. This investigation has
shed light on MV activity, diagenetic processes, and fluid sources. Subsequently, detailed
analyses have been conducted on each individual MV, revealing distinct salinity patterns. To
elucidate the origins of these patterns, comparisons have been drawn with the Milano MV in
the Mediterranean Ridge. Links between MV evolution, fluid pathways, and salinity patterns
have been established using geochemical analysis, high-resolution seismic data, and pore water
modeling. Lastly, on a broader scale, a comparative analysis has been carried out regarding
cold seeps occurring through MVs, pockmarks, and faults, and discussions have been engaged
regarding the role of transform faults in the deep hydrologic cycle. The research presented in
this Ph.D. dissertation offers crucial insights into fluid flow dynamics in the Gulf of Cadiz,
holding significant implications for future studies. The primary conclusions are as follows:

1) Among the six MVs investigated, the two newly discovered R2 and D2 MVs are in the late
stages of mud volcanism and have exhibited long periods of inactivity. In contrast, the other
four MVs exhibit recent activity at different stages. The Yuma and Ginsburg MVs are long-
lived features in an advanced stage of mud volcanism, while the Meknes and Funky Monkey
MVs are relatively younger structures in the initial stages of mud volcanism. Clay mineral
dehydration is considered to be the primary fluid source for the four active MVs. Several other
diagenetic processes have also been identified, including AOM (anaerobic oxidation of
methane), carbonate precipitation, dolomitization, dissolution of halite and sulfate minerals,
leaching of clay minerals, and interactions with basement rocks. Yuma and Ginsburg MVs are
primarily influenced by the dissolution of halite and sulfate minerals, while crustal contribitions
are inferred in the case of Meknes and Funky Monkey MVs.

2) Fluid geochemistry reveals distinct salinity patterns (freshening at the summit vs.
salinization at the moat) in the MVs of the Gulf of Cadiz and the Mediterranean Ridge. The
integration of fluid geochemistry, high-resolution seismic data, and pore water modeling in
different MV suggests that these salinity patterns appear to be controlled by the evolution of
MVs and the fluid pathways along the edge of the MV feeder conduit and extrusive edifices.
The freshening signatures at the summit are driven by the clay dehydration process in the deep
central conduit, while the saline pore fluids at the moat/rim sites are significantly impacted by
the shallower and widespread evaporites through the rim-related fluid pathways. However, for
younger MVs, the entire structure is dominated by freshening since the rim-related fluid
pathways are occupied by freshening fluids. Conversely, in older inactive MVs, the freshening
at the summit disappears due to diffusion, coexisting with saline characteristics in the moats.
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Quantitative calculations indicate that the rim-related fluid pathways play a substantial role in
the MV fluid circulation. Although this research is confined to the Gulf of Cadiz and the
Mediterranean Ridge, the discovered salinity patterns and rim-related fluid pathways could be
a global phenomenon that has not been identified. This warrants further investigation in diverse
regions.

3) Fluid samples extracted from the South West Iberian Margin (SWIM) faults zones in the
Gulf of Cadiz show an intense interaction between the ascending fault fluids and Triassic
evaporites at depth, as they present high Na, Cl, Ca, Br with decreasing Br/Cl and less
radiogenic ®’Sr/%°Sr, compared to present-day seawater values. Isotopic data reveal more
radiogenic *'Sr/%Sr ratios (0.7084-0.7087) in the fault fluids after subtracting the influence of
Triassic evaporitic fluids, hinting a potential contribution from continental crust fluids. Three-
endmember mixing model suggests that up to 22% of the deep fluids expelled might be traced
back to a crustal origin. Further, the deep fluid circulation is supported by the anomalously
high heat-flow values at the seafloor, when crossing the fault trace (73-122 mW/m?). These
findings provide the first evidence of active fluid flow in the SWIM faults, indicating a crustal-
scale fluid exchange spanning from the Horseshoe Abyssal Plain to the upper accretionary
wedge.

5.2 Outlook

Fluid flow has been a prominent focus of research in various geological structures, including
faults (e.g., Bense et al., 2013), mud volcanoes (e.g., Planke et al., 2003), pockmarks (e.g.,
Hovland et al., 2002), submarine hydrothermal vent systems (e.g., Lilley et al., 2003), as well
as in diverse geological settings, such as sedimentary basins (e.g., Bjerlykke, 1993),
accretionary prisms (e.g., Saffer and Tobin, 2011), and transform fault plate boundaries (e.g.,
Hensen et al., 2019). This Ph.D. dissertation focuses on fluid flow in mud volcanoes,
pockmarks, and transform fault zones in the Gulf of Cadiz, providing insights into fluid sources,
fluid-rock interactions, pathways, and related geological processes in the region. These
findings have significant implications for future research and our understanding of the deep
hydrologic cycle. Building upon the findings presented in this Ph.D. study, the following
outlines potential future research directions:

1) Monitoring of fluid flow processes: The research has identified varying stages of activity
among the MVs in the Gulf of Cadiz and shows different fluid pattern at different
geomorphological parts and different stages. Future studies can focus on monitoring of these
MVs to track changes in their fluid composition over time since recent developments in
technology has enabled the long-term borehole monitoring (e.g., Kopf et al., 2017). Although
research cruise M 149 installed “MeBo CORKS” observatories on the Ginsburg MVs and active
faults in the region (Hiipers et al., 2020), the retrieve during research cruise M167 was not
successful (Menapace et al., 2021). Therefore, future research can involve installing more long-
term monitoring devices at various geomorphological features of different MVs, where osmo-
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samplers based on the design by Jannasch et al. (2003) may be promising since they do not
require electronics and focus on geochemical variations over time. In addition to monitoring
MVs, fluid flow along faults can also be monitored, which will provide valuable insights into
fault activity and evolution.

2) Crustal-scale fluid exchange and its implications: While this Ph.D. study provides the first
direct evidence of active fluid flow along the easternmost segments of the SWIMI fault,
consistent with the western compartment as suggested by previous research, both studies
primarily rely on gravity and MeBo cores with limited length and are based on certain
assumptions. Therefore, some uncertainties exist. To better characterize the crustal-scale fluid
exchange and fault activity in the region, future research can involve deep ocean drilling,
especially when considering the implications of the crustal-scale fluid exchange. The SWIM
faults are located on the easternmost part of the Azores-Gibraltar Fracture Zone (AGFZ). The
crustal-scale fluid exchange suggests an active tectonic state of the SWIM faults along their
entire surficial expression, supporting the hypothesis that the SWIM faults could be one of the
candidate sources for the 1755 Great Lisbon earthquake (Zitellini et al., 2009). The absence of
recent significant seismicity reported in the SWIM faults might suggest that the seismogenic
fault zone is locked (Gutscher, 2004). Therefore, it is worthwhile to re-evaluate the
seismogenic and tsunamigenic potential of SWIM faults through deep ocean drilling, as they
pose a major threat to the Southwestern European continental margin. Furthermore, the SWIM
faults provide an opportunity to investigate the connection between fluid circulation and
earthquakes.

3) Exploration beyond the Gulf of Cadiz: While this Ph.D. study primarily focuses on the Gulf
of Cadiz, it is worth noting that similar geological features and processes may exist in other
regions. Therefore, future research can expand to explore fluid flow in various parts of the
world's geological structures and settings, contributing to a more comprehensive understanding
of fluid flow in MVs and faults on a global scale. For instance, it is essential to verify the
applicability of the model proposed in this Ph.D. dissertation accounting for different fluid
patterns in various geomorphological regions of MVs. Furthermore, oceanic transform faults
(TFs) have not received extensive study. Considering that oceanic TFs could serve as crucial
settings for deep-sourced fluid flow circulation, their impact on global mass balances should
be more accurately constrained and quantified by additional case studies. Comparative studies
between continental and oceanic TFs also present a promising research direction, especially
given that continental TFs, such as the San Andreas Fault, have been relatively well-studied.
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