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Perspective view (to the West) on Venere mud volcano in the Squillace Canyon at ~1600 m water depth in
the lonian Sea (Central Mediterranean). The twin cones are 100 m high and situated ~1200 m apart in a
caldera. Gas flares (shown in red and yellow colors) rise from the western summit and from peripheral
seeps along the caldera edge. Mudflows extend from the western summit and spread onto flat areas at the
foot of the slope. High-resolution bathymetry, acquired by autonomous underwater vehicle MARUM-SEAL
5000, is draped on bathymetry obtained from RV METEOR.
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Preface

Preface

The oceans of the Earth still hold a wealth of hidden landscapes, since less than 20%
(<72°400°000 km?) of the global seafloor has been mapped at resolutions better than a few
kilometers (e.g. Sandwell et al. (2014)). In contrast, the dwarf planet Pluto in the outer
reaches of our solar system witnessed the arrival of NASA’s New Horizons spacecraft on 14
July 2015. A flyby revealed the surface of Pluto (approximately 16’650°000 km?) at a
resolution of several hundred meters (Moore et al., 2016). Stunning images of ice-driven
volcanoes reached Earth after a time of one third of my PhD project, which | carried out
during three years (October 2014 to September 2017).

The cruises related to my PhD project involved the acquisition of roughly 100’000 km? of new
seafloor maps. Among this large area is a patch of 29 km? in 1600 meters water depth in the
Calabrian Accretionary Prism (Central Mediterranean), which has been mapped at
resolutions better than 1 meter by an autonomous underwater vehicle. It reveals the twin-
cones and caldera of Venere mud volcano in the Squillace Canyon. The possibility to zoom-
in to such great detail and the clear evidence of ongoing fluid seepage make this one of the
few deep-sea mud volcanoes where the recently-past development and ongoing activity can
be studied. Furthermore, understanding fluid seepage at Venere mud volcano may represent
a key to address outstanding questions regarding fluid generation and migration in the
Calabrian Accretionary Prism and its effect on seafloor morphology. This led to the decision
to make Venere mud volcano the main focus of my PhD studies and the findings of these
investigations are presented in the following cumulative thesis. The results of this work
contribute to the project “Geosphere-Biosphere Interactions” (GB) supported by the
Deutsche Forschungsgemeinschaft (DFG) and the Research Center / Excellence Cluster
“The Ocean in the Earth System”.

While studying Venere mud volcano, | came to realize that the Roman god “Vulcanus” may
not only have had his smithy under Mount Etna but also at the muddy forge of his wife
“Venus”.
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General note: Most abbreviations will be introduced again at the beginning of the introduction
of this thesis and again with each of the main manuscripts since they are aimed for a
standalone format.

Markus Loher



Abstract

Abstract

Cold seeps are the natural expression of focused upward flow and release of gases, liquids,
solids, or a combination of components, which are sourced from subsurface sediments and
are emitted at temperatures comparable to surface values. The involved fluids typically
consist of hydrocarbon-rich gas or pore waters and they can support the development of
chemosynthesis-based organisms and induce the precipitation of authigenic carbonate
deposits. Mud volcanoes (MVs) are large cold seep systems, occur globally, and involve the
mobilization and extrusion of mud breccia: a mixture of gas (predominantly methane), water,
fluid-rich sediments and rock clasts.

Understanding the processes that generate, transport, and discharge fluids and solids at the
geosphere-hydrosphere interface is important, since they are part of global material recycling,
impact the development of submarine ecosystems, influence sediment dynamics and stability
of the seafloor, and potentially point to the occurrence of energy resources. MVs have feeder
systems that pierce kilometer-thick sedimentary columns. Studying the composition of
seeping fluids and extruded solids can, therefore, provide insights into subsurface processes
inaccessible for direct sampling. The driving mechanisms and amounts of discharging
material from deep sea cold seeps and specifically from MVs are not well understood and
poorly constrained. Although MVs do occur on land, they are most abundant in offshore
locations characterized by tectonic compression and rapid sediment accumulation. In the
Calabrian Accretionary Prism (CAP; Central Mediterranean), the occurrence of numerous of
MVs has only recently been documented. However, open questions remain with regard to
the nature of the fluids involved and ongoing activity, to how active the MVs really are, and to
how they evolved over time. Therefore, the CAP is considered to be a frontier region for
research on past and recent mud volcanism and fluid seepage.

This work has the aim of investigating the processes that govern the activity and evolution of
submarine MVs and associated cold seeps by studying Venere MV, as an example. This MV
is located within a deep-sea canyon at 1600 m water depth in a forearc basin of the CAP.
The presented results and conclusions are based on data from two research cruises (RV
METEOR M112 and RV POSEIDON POS499). They were obtained by multiple methods,
including: Hydroacoustic seafloor and water column measurements by ship and an
autonomous underwater vehicle (AUV); visual observations, photo-mosaicking, and
geological sampling by a remotely operated vehicle (ROV); sediment coring techniques
including cores taken under in-situ pressures. In addition, various analyses (e.g. stable
isotope analyses, XRF scans, WDS analyses, etc.) were carried out post-cruise on selected
samples.

A first study focusses on the overall structure of Venere MV including its caldera, the ongoing
activity (mud breccia extrusion and gas release), the involved fluid sources, and the
distribution of chemosynthetic ecosystems around the MV edifice. Two different but co-
existing fluid discharge mechanisms can be characterized: 1) extrusion of mud breccia from
a conduit at the summit, containing thermogenic methane and freshened pore waters

Markus Loher 7



Abstract

indicative of a deep-source (>3.5 km) and 2) hydrocarbon release at peripheral seeps
hosting cold-seep ecosystems and authigenic carbonates along inward-dipping ring faults at
the caldera edge. The results are argued to support a model of upward branching fluid
discharge and to point to persistently high subsurface pore fluid pressures governing coeval
gas release and extrusive activity.

A second study investigates the morpho-structural and spatio-temporal evolution of the twin-
cone Venere MV and the surrounding seafloor of the canyon. The surface extents of
mudflows are mapped and mudflow volumes are determined based on AUV-derived
bathymetry and backscatter data. The burial of these mudflows by hemipelagic sediment
indicate that they were emplacement between >4000 years ago and the present. Estimates
of the extrusion rates range between 5000 and 47000 m®year. The interpretation of the
seafloor morphologies, sediment deposits, and cold seep structures support the main
conclusions that Venere MV experienced moderately extrusive but relatively continuous
activity throughout the last centuries and that past sediment transport processes in the
canyon affected its overall morphology.

A third study consists of detailed seafloor observations at four peripheral seeps of Venere
MV showing different degrees of authigenic carbonate formation and settlement by
chemosynthesis-based organisms such as filamentous microbial mats, vesicomyid clams,
and tubeworms. Photo mosaics are used to classify different seafloor facies, sites of gas
bubble release from soft sediments, flat carbonate pavements, mounded and ruptured
carbonate domes, as well as crater-like collapse features. The observations indicate an
evolution from plain to colonized seeps in soft sediments, to carbonate pavements that trap
fluids, to ruptured but colonized structures, over decadal, centennial, and millennial
timescales, respectively.

In conclusion, the ongoing activity and fluid sources of Venere MV and the evolution of its
surface expression, including that of the peripheral cold seeps, have been studied in
unprecedented detail. The state-of-the-art AUV- and ROV-based surveys have been
complemented by systematic geological sampling and analyses of sediments and pore fluids.
This work presents previously unknown details on geological, geochemical, and biological
processes that govern mudflow extrusions and fluid seepage not only relevant to the CAP,
but also to MVs and cold-seep systems globally.
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Zusammenfassung

Kalte Quellen sind naturliche Erscheinungen von fokussiertem, aufwarts gerichtetem Fluss
und Austritt von Gasen, Flussigkeiten, Feststoffen oder einer Kombination dieser
Komponenten, aus dem sedimentaren Untergrund. Die Austrittstemperaturen der
Komponenten sind typischerweise vergleichbar mit der Umgebungstemperatur an der
Oberflache. Die involvierten Fluide bestehen grdsstenteils aus kohlenwasserstoffreichem
Gas oder Porenwasser. Diese ermoglichen, dass sich chemosynthetische Organismen
entwickeln und zusatzlich, dass authigen gebildete Karbonate ausgefallt werden.
Schlammvulkane sind grosse, global auftretende, kalte Quellen und gehen mit der
Mobilisierung und dem Austritt von Schlammbreckzie einher, welche aus einer Mixtur aus
Gas, Wasser, fluidreichem Sediment und Gesteinsfragmenten besteht.

Es ist wichtig, die Prozesse zu verstehen, welche zur Entstehung, zum Transport und zum
Austritt der Fluide und Festkomponenten am Kontakt zwischen Geosphare und Hydrosphare
fuhren. Diese sind namlich Teil eines globalen Materialkreislaufs, beeinflussen die
Entstehung von submarinen Okosystemen sowie die Sedimentdynamik und Stabilitat am
Meeresboden und sind moégliche Anzeiger von Energieressourcen. Schlammvulkane haben
Forderschlote, welche kilometerdicke Sedimentlagen durchqueren. Untersuchungen an der
Zusammensetzung der austretenden Fluide und Festkomponenten koénnen Einsicht in
tiefreichende Prozesse geben. Allerdings sind die treibenden Mechanismen und die Menge
von austretendem Material an kalten Quellen und besonders an Schlammvulkanen nicht gut
verstanden und schlecht untersucht. Schlammvulkane kommen an Land vor aber im marinen
Bereiche sind sie deutlich weiter verbreitet. Sie entstehen bevorzugt in Gebieten mit
kompressiver Tektonik und in Regionen mit einer hohen Sedimentakkumulation. Im
kalabrischen Akkretionskeil (zentrales Mittelmeer) wurde erst klrzlich eine grosse Anzahl
Schlammvulkane dokumentiert. Allerdings gibt es noch offene Fragen in Bezug zur
Zusammensetzung der Fluide, die in ihrer Entstehung und Aktivitat beteiligt sind, wie aktiv
die Schlammvulkane wirklich sind und wie sie sich im Laufe der Zeit entwickelt haben. Der
kalabrische Akkretionskeil gilt deshalb als eine Region in der noch viel Neues Uber
vergangene und jingste Schlammvulkanaktivitat und Fluidfluss erforscht werden kann.

Diese Arbeit hat zum Ziel, die Prozesse zu untersuchen, welche die Aktivitat und die
Entwicklung von submarinen Schlammvulkanen und den damit verbundenen kalten Quellen
beeinflussen. Dies soll am Beispiel des Venere Schlammvulkans geschehen, der sich in
einem Tiefsee-Canyon im Forearc-Becken des kalabrischen Akkretionskeils befindet. Die
dargestellten Ergebnisse und Schlussfolgerungen basieren auf Daten von zwei
Forschungsfahrten (RV METEOR M112 und RV POSEIDON POS499). Es wurden mehrere
Methoden angewandt um die hier vorgelegten Resultate zu erzielen; unter anderen:
hydroakustische Meeresboden- und Wassersaulenmessungen per Schiff sowie durch ein
autonomes Unterwasserfahrzeug (AUV); visuelle Beobachtungen, Foto Mosaiks und
geologische Probenahme durch ein ferngesteuertes Unterwasserfahrzeug (ROV);
Sedimentkern-Techniken einschliesslich Kerne, die unter in-situ Druck genommen wurden,;
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und letztlich ausgewahlte Messungen an den gesammelten Proben (z. B. stabile
Isotopenanalysen, XRF Scans, WDS Analysen).

Eine erste Studie konzentriert sich auf die Gesamtstruktur des Venere Schlammvulkans
einschliesslich seiner Caldera, der laufenden Aktivitat (Ausfluss von Schlammbreckzie und
Gasaustritte), der beteiligten Fluidquellen und der Verteilung der Chemosynthese-basierten
Okosysteme um den Schlammvulkan. Zwei verschiedene aber koexistierende
Fluidaustrittmechanismen koénnen charakterisiert werden: 1) Austritt von Schlammbrekzien
aus einem Forderschlot am Gipfel des Schlammvulkans, welche thermogenes Methan und
ausgesusstes Porenwasser enthalten, was auf eine tiefe Quelle (>3,5 km) hinweist, und 2)
Austritte von Kohlewasserstoffen bei randlichen, kalten Quellen mit chemosynthetischen
Organismen und authigenen Karbonaten entlang von konzentrischen Bruchzonen am Rand
der Caldera. Gestitzt auf diese Ergebnisse ergibt sich ein konzeptionelles Modell in
welchem sich der Fluidtransport gegen oben hin verzweigt und wobei dank anhaltendem,
hohen Porendruck gleichzeitig Schlammbreckzie am Gipfel und Gas am Rand der Caldera
ausgestossen werden.

Eine zweite Studie untersucht die morpho-strukturelle und rdumlich-zeitliche Entwicklung der
beiden Kegel vom Venere Schlammvulkan und des umliegenden Meeresbodens im Tiefsee-
Canyon. Die Oberflachen der Schlammflisse werden auskartiert und deren Volumina
anhand von AUV-basierten Bathymetrie- und Rickstreuungsdaten bestimmt. Die Bedeckung
dieser Schlammflisse durch hemipelagische Sedimente deutet darauf hin, dass sie
zwischen 4000 Jahren und der Gegenwart abgelagert wurden. Schatzungen der
Extrusionsraten liegen zwischen 5000 und 47000 m3Jahr. Die Interpretation der
Meeresbodenmorphologien, der Sedimentablagerungen und der kalten Quellen flhrt zu den
folgenden Schlussfolgerungen: der Venere Schlammvulkan zeigte wahrend der letzten
Jahrhunderte einen massigen aber relativ kontinuierlichen Schlammbreckzienaustritt und
seine  Gesamtmorphologie wurde durch Sedimenttransportprozesse im Canyon
mitbeeinflusst.

Eine dritte Studie besteht aus detaillierten Meeresboden Beobachtungen an vier peripheren,
kalten Quellen, die unterschiedliche Grade der authigenen Karbonatbildung und Besiedlung
durch Chemosynthese-basierten Organismen zeigen, z.B. filamentartige, mikrobielle Matten,
vesicomyide Muscheln oder Rohrenwirmer. Basierend auf Foto Mosaiks werden
verschiedene Meeresboden-Typen klassifiziert. Es wird beschrieben, wo Gasblasen aus
weichem Sediment austreten, und wo flache Karbonatplatten auftreten, domartige und
zerbrochene Karbonathligel, sowie kraterdhnliche Kollapsstrukturen auftreten. Die
Beobachtungen deuten darauf hin, dass sich kalte Quellen folgendermassen entwickeln:
Gasaustritt aus weichem Sediment wird Uber mehrere Dekaden durch Chemosynthese-
basierte Organismen kolonisiert, dann bilden sich dber Jahrhunderte erste
Karbonatausfallungen, welche den Fluidfluss zu blockieren beginnen und letztlich entstehen
uber Jahrtausende die gewolbten Karbonatstrukturen, die allerdings unter dem hohen
Uberdruck zerbrochen und erneut kolonisiert worden sind.
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In dieser Arbeit wurden die laufende Aktivitdt am Venere Schlammvulkan und die
Entwicklung seiner Struktur, einschliesslich die der peripheren kalten Quellen, erfolgreich
untersucht. AUV- und ROV-basierte Erhebungen wurden durch systematische, geologische
Probenahmen und Analysen von Sedimenten und Porenflissigkeiten erganzt. Diese Arbeit
prasentiert neue Einsicht in Prozesse, welche Schlammvulkanismus und Fluidaustritt
massgeblich beeinflussen. Diese sind nicht nur flr den kalabrischen Akkretionskeil von
Bedeutung, sondern sind auch in einem globalen geologischen, geochemischen und
biologischen, Ubergreifenden Kontext fir Schlammvulkane und kalte Quellen relevant.
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Outline and contributions to manuscripts

This cumulative thesis focuses on high-resolution seafloor mapping at different spatial scales
(regional to local) and visual imaging and to complement these datasets with geological
sampling. The structure of this work aims to follow this approach by giving an introduction
that summarizes generally relevant concepts of cold seeps and MVs (Chapter 1) and then
focuses on mud volcanism in the Eastern Mediterranean and the Calabrian Accretionary
Prism (CAP) as the main study region (Chapter 2). This is followed by a summary of
outstanding questions and knowledge gaps that serve as the motivation (Chapter 3), and the
methods and approaches that have been selected (Chapter 4), to investigate and address
the mentioned research aspects. The first manuscript (Chapter 5) focuses on Venere MV as
an exemplary case of an active structure in the CAP. This is followed by the second
manuscript (Chapter 6) that investigates the development of Venere MV and the detailed
seafloor structures surrounding it in a deep-sea canyon. An even more spatially focused
study is presented in the third manuscript (Chapter 7), studying the evolution of cold-seep
structures. These three manuscripts compose the main part of the cumulative thesis but two
additional studies are presented still in a preliminary stage (Chapters 8, 9). The first is again
a very spatially localized investigation of the mud extrusion from the summit of Venere MV.
The second and last study, however, returns to a regional, CAP-wide context and presents
an overview map of known and newly identified MVs across different morpho-structural
zones of the prism. The thesis is concluded and research perspectives are presented in the
final section (Chapter 10) followed by the acknowledgements (Chapter 11), a complete
reference list (Chapter 12) and an appendix (Chapter 13).

Markus Loher is the main contributor to all chapters presented in this cumulative thesis and
is responsible for the drafting of the articles, which are supported by contributions from
selected co-authors. An author-based list of contributions is outlined in tabular form below.

Manuscript I: Mud extrusion and ring-fault gas seepage — upward branching fluid
discharge at the deep-sea Venere mud volcano (Central Mediterranean Sea)

Author name Statement of contribution

Markus Loher Principal author of this manuscript and all figures; conception and
design of the study; data analyses and interpretation; gas hydrate
stability calculations; AUV-dive planning (POS499) and bathymetry
processing; support to gas analyses by Thomas Pape

Thomas Pape Gas analyses (gas composition, stable carbon and hydrogen isotope
ratios); intellectual contributions to manuscript (specifically to gas
geochemistry)

Yann Marcon ROV-dive planning and seabed investigations and sampling (M112);
critical revision of manuscript
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Miriam Romer

Hydroacoustic surveys (M112), AUV-dive planning (M112); water
column data analyses (M112); critical revision of manuscript

Paul Wintersteller

AUV-dive planning and processing of bathymetry data (M112 +
POS499); critical revision of manuscript

Daniel Praeg

ROV seabed investigations (M112); intellectual contributions to the
manuscript (specifically to the geological setting and the proposed
conceptual model)

Marta Torres

Pore water sampling and analyses (M112); intellectual contributions
to the manuscript (specifically to pore water geochemistry)

Heiko Sahling

Co-chief scientist of cruise M112, ROV-dive planning, seabed
investigations and sampling; critical revision of manuscript

Gerhard Bohrmann

Chief scientist of cruises M112 + POS499, conception and design of
the study; intellectual contributions to the manuscript

Manuscript Il: Mud volcanism in a canyon: Morpho-dynamic evolution of the active

Venere mud volcano and its interplay with Squillace Canyon, Central Mediterranean

Markus Loher

Principal author of this manuscript and all figures; conception and
design of the study; data analyses and interpretation; core
descriptions; XRF and WDS analyses; AUV-dive planning and
bathymetry processing (POS499)

Silvia Ceramicola

Core descriptions (POS499); intellectual contributions to the
manuscript (specifically to the geological setting and the proposed
evolutionary model)

Paul Wintersteller

AUV-dive planning and processing of bathymetry data (M112 +
POS499); critical revision of manuscript

Gerrit Meinecke

AUV-handling, dive planning and data acquisition (M112 + POS499)

Heiko Sahling

Co-chief scientist of cruise M112; conception and design of the study;
intellectual contributions to the manuscript

Gerhard Bohrmann

Chief scientist of cruises M112 + POS499, intellectual contributions
to the manuscript

Markus Loher
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Manuscript Ill: Seafloor sealing, doming, and collapse associated to gas seeps and
authigenic carbonate structures at Venere mud volcano, Central Mediterranean

Markus Loher

Principal author of this manuscript and all figures; conception and
design of the study; data analyses and interpretation; photo mosaic
assembly; carbonate sample preparation

Yann Marcon

ROV-dive planning and seabed investigations and sampling (M112);
photo mosaic assembly; critical revision of manuscript

Thomas Pape

Isotope and mineralogical analyses of carbonates; critical revision of
manuscript

Miriam Romer

Hydroacoustic surveys (M112), AUV-dive planning (M112); water
column data analyses (M112); critical revision of manuscript

Paul Wintersteller

AUV-dive planning and processing of bathymetry data (M112 +
P0OS499); critical revision of manuscript

Christian dos Santos
Ferreira

AUV-bathymetry processing (M112); critical revision of manuscript

Marta Torres

Conception and design of the study; intellectual contributions to the
manuscript and figures

Daniel Praeg

ROV seabed investigations (M112); intellectual contributions to the
manuscript and figures

Heiko Sahling

Co-chief scientist of cruise M112; conception and design of the study;
critical revision of manuscript

Gerhard Bohrmann

Chief scientist of cruises M112 + POS499, conception and design of
the study; intellectual contributions to the manuscript and figures
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1. Introduction to cold seeps and mud volcanoes

1. Introduction to cold seeps and mud volcanoes

1.1. Mud volcanoes and cold seeps

Cold seeps are geological structures that are characterized by the focused upward flow and
release of solids or fluids (gases and liquids) or a combination of both, at temperatures
comparable to those at the surface, in contrast to hydrothermal vents or magmatic systems
(Parnell, 2002; Suess, 2014). Mud volcanos (MVs) are large expressions of cold seeps and
focused flow of overpressured fluids drives the additional mobilization of solid material such
as fluid-rich sediments and rock clasts, which are collectively extruded as mud breccia at the
surface (Cita et al., 1981; Kopf, 2002; Deville and Guerlais, 2009; van Loon, 2010). MVs
occur globally (Fig. 1.1), in terrestrial and shallow water settings (1100 estimated
occurrences) as well as deep offshore environments (10°-10° estimated occurrences), and
have been found to be most common in submarine and tectonically active settings
(accretionary prisms, convergent orogens, thrust belts), deep sediment basins, or delta
regions (Milkov, 2000; Dimitrov, 2002; Kopf, 2002; Mazzini and Etiope, 2017).

*
L2 *‘% *

Figure 1.1. Distribution of main clusters of marine and terrestrial MVs around the globe (from Mazzini and
Etiope (2017)).

Cold seeps are often characterized by the presence of authigenic carbonate deposits and
host oasis-type ecosystems associated to the microbial oxidation of hydrocarbon-rich fluids
(Paull et al., 1984; Hovland et al., 1987; Ritger et al., 1987; Sahling et al., 2002; Niemann et
al., 2006; Himmler et al., 2015). The fluid that is released from MVs and cold seep structures
has been found to consist predominantly of methane (Hovland et al., 1993; Kopf, 2003), a
hydrocarbon gas of significant global warming potential (28 times that of the same mass of
carbon dioxide when averaged over 100 years; (Lelieveld et al.,, 1998; IPCC, 2014)). If
methane concentrations in the migrating fluids exceed saturation this may lead to the
formation of gas as bubbles (Boudreau, 2012; Rémer et al., 2012a) or, under adequately low
temperatures and high pressures, to the formation of methane hydrate, a crystalline solid
composed of gas and water (Bohrmann and Torres, 2006; Sloan and Koh, 2008; Pape et al.,
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2011a). The release of gas bubbles (potentially coated by gas hydrate skins) results in
specific hydroacoustic water column signatures of high intensity, referred to as flares, and
indicate ongoing gas release (Greinert et al., 2006; Romer et al., 2012b).

The release of hydrocarbon-rich fluids may occur over widespread areas (Sahling et al.,
2008b; Greinert et al., 2010; Skarke et al., 2014; Mau et al., 2017) or be localized to
individual sites such as pockmarks and MVs (Sauter et al.,, 2006; Sahling et al., 2009;
Hovland et al., 2010). Focused fluid flow activity can cause sediment deformation and
instability (Dillon et al., 2001), dynamic processes of eruptive gas release (Prior et al., 1989;
Leifer et al., 2006), subsurface mobilization, and transport of sediments across the sediment-
water interface (MacDonald and Peccini, 2009; Perez-Garcia et al., 2009; Feseker et al.,
2014; Loher et al., 2016). Understanding of the transfer mechanisms for volatiles, liquids,
and fluid-rich sediments, as well as the underlying drivers and dynamics that govern fluid
generation and migration is important to constrain processes occurring at the geosphere—
hydrosphere interface, especially in the deep sea.

1.2. Processes and morphologies related to mud volcanism

Mud volcanism is primarily the result of focused fluid migration in the subsurface and the
mobilization of sediment and the involved processes are schematically outlined in Fig. 1.2.
Mud volcanism is driven by a combination of two main causes: 1) gravitative instability in the
sediment column, such as a bulk density contrast between a low-density unit (e.g. a clay-rich
mud) underlying a unit of relatively higher density (e.g. quartz-rich terrigenous deposits), and
2) overpressure, i.e. fluid pressures larger than the hydrostatic pressure, causing
undercompacted conditions for subsurface sediments (Yassir, 1989; Brown, 1990; Kopf,
2002; Maltman and Bolton, 2003; Deville et al., 2010). In contrast, mud diapirism may result
from the slow, upward-migration of buoyant material such as clay-rich sediment and does not
necessarily pierce the overburden (Henry et al., 1990; Kopf, 2002). Increases in fluid
pressure below impermeable barriers (e.g. a cap rock) can result from several processes: i)
rapid sediment accumulation and compaction, ii) tectonic-stress (e.g. by compression and
shortening; thrusting) and tectonic-overloading, iii) excess pore water generation by
diagenetic reactions (mineral dehydration reactions such as clay transformations), iv)
formation and migration of liquid or gaseous hydrocarbons, and v) gas hydrate dissociation
(Higgins and Saunders, 1974; Yassir, 1989; Martin et al., 1996; Dimitrov, 2002; Kopf, 2002;
Deville et al., 2003; Deville et al., 2010). The opening of vertical fluid migration pathways by
fracture formation in the barrier can result from the generated overpressure directly (referred
to as hydraulic fracturing) or can be triggered through tectonic stress, fault reactivation, or
seismicity (Deville et al., 2010; Mazzini and Etiope, 2017). The upward migrating fluids
incorporate rock fragments and fine grained sediments from the geologic sections through
which they ascend until this fluid-rich sediment mixture — referred to as mud breccia — is
extruded onto the surface (Cita et al., 1981; Camerlenghi et al., 1992; Dimitrov, 2002; Kopf,
2002).
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Fig. 1.2. A conceptual sketch of a MV and its plumbing system with general reactions and processes
related to overpressure generation, fluid and solid material mobilization, pathway generation, material
ascent and extrusion, and surface structures. For explanations see text; modified after Deville et al. (2010)
and Mazzini and Etiope (2017).

Repeated mud breccia extrusion can lead to the build-up of MV edifices (Fig. 1.2) several
kilometers in diameter and several hundred meters in height (Ilvanov et al., 1996b; Dimitrov,
2002; Kopf, 2002; Kioka and Ashi, 2015). In turn, post-extrusive subsidence and caldera
formation (Prior et al., 1989; Bonini, 2008; Evans et al., 2008; Mazzini et al., 2009b) have
been argued to result from sediment mobilization and material withdrawal in the subsurface
(Van Rensbergen et al., 2003), reductions in pore fluid pressures (deflation; (Fukushima et
al., 2009)), and extrusive loading (Galindo-Zaldivar et al., 1996). MV calderas can form as so
called summit calderas on top of the extrusive edifices (several meters to tens of meters in
diameter; (Evans et al., 2008)) or can encompass the complete MV edifice (often measuring
several kilometers in diameter, with up to tens of meters in relief, (Camerlenghi et al., 1995;
Ivanov et al., 1996b)). Several authors have pointed out basic similarities between the
surface expression of MVs and igneous volcanoes regarding the structure (e.g. shield- vs.
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strato-volcanoes), types of eruptions (explosive vs. effusive; (van Loon, 2010; Tinivella and
Giustiniani, 2012)), or the caldera formation (Bonini, 2008; Evans et al., 2008; Kopf, 2008). At
magmatic volcanoes the development of sub-circular calderas is often linked to inward- or
outward-dipping, concentric ring faults (e.g. Troll et al. (2002)). Similar peripheral ring fault
systems (Fig. 1.2) have often been observed arranged concentrically around MVs (Prior et
al., 1989; Neurauter and Bryant, 1990; Graue, 2000; Davies and Stewart, 2005; Mazzini et
al., 2009b). Understanding the structural evolution of calderas and their subsidence
mechanism may give insights on dynamics of material withdrawal from the subsurface
(Robertson and Kopf, 1998), subsurface pressure variations (e.g. by degassing; (Henry et al.,
1990; Camerlenghi et al., 1995)), or overburden loading and collapse (Praeg et al., 2009).
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Fig. 1.3. Classification of MVs based on morphologies: (A) conical, (B) elongated, (C) pie-shaped, (D)

multicrater, (E) growing diapir-like, (F) stiff neck, (G) swamp-like, (H) plateau-like, (1) impact crater-like, (J)
subsiding structure, (K) subsiding flanks, (L) sink-hole type; from Mazzini and Etiope (2017).

The surface structure of MVs is described according to their overall positive (e.g. cones,
domes) or negative (e.g. calderas) morphologies and an overview of various morphologies
recognized to date is shown in Fig. 1.3 (see review by Mazzini and Etiope (2017)). Typical
submarine MV structures range from pie-shapes with concentric mud breccia ridges (Dupré
et al., 2008; Praeg et al., 2009) symmetrical cones with single or multiple sites of extrusion
(Paull et al., 2015b), and negative or flat morphologies (Graue, 2000). The water-saturated
conditions for offshore MVs suggest that extruded material can extend more laterally and
mudflows are transported over greater distances than their terrestrial counterparts (Yusifov
and Rabinowitz, 2004; Mazzini and Etiope, 2017). Furthermore, the topography surrounding
a MV may influence its morphology significantly since extruded mud breccia tend to follow
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along downslope pathways (Graue, 2000), and MV flanks can be subject to gravity-induced
sedimentary destabilizations (Dupré et al.,, 2008; Roberts et al., 2011b). Whereas the
morphology of onshore MVs is affected by weathering and surface erosion, offshore MVs
have been found to be shaped by bottom currents, e.g. by deepening of subsiding rims and
the formation of moats around the bases of the MV edifices (Vandorpe et al., 2016). The
number of major extrusive centers or secondary seepage sites (also referred to as parasitic
sites), and the overall morphology of the extrusions of submarine MVs can vary from
irregular to symmetrical (Van Rensbergen et al. (2005a). Long elongate flows have been
found to thin-out and become disconnected from their point of extrusion and accumulate at
the base, whereas shorter and wider mud breccia flows may have come to rest along the
slope of the MV edifice (Fig. 1.4). Large mudflow sheets or ridges and terraces are known
from MVs which extrude material concentrically and form the so called mud pies (Dupré et al.,

2008).
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Fig. 1.4. Sketch drawing of typical extrusion types and corresponding map view morphologies of mudflows
at MVs; modified after Van Rensbergen et al. (2005a).

Attempts to classify MVs based on their morphologies in the Mediterranean Ridge (Eastern
Mediterranean) indicated a relationship to specific tectonic settings (frontal thrust, wedge-
backstop, and backthrusts), the main active fault zones in the areas, the source, and the
depth of extruded fluids or solids (Huguen et al., 2004; Huguen et al., 2005; Rabaute and
Chamot-Rooke, 2007). In contrast, offshore MVs in the South Caspian Basin predominantly
exist above anticlinal structures, but the occurrence of flat, concave, and convex edifices, or
buried structures, do not show morpho-systematic trends in their distribution (Yusifov and
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Rabinowitz, 2004). The factors determining the morphological expression of MVs has been
argued to include the composition, frequency (i.e. the cyclicity of overpressure build-up) and
intensity (i.e. the amount of overpressure and ascent velocity) at which mud breccia is
extruded (Pettinga, 2003; Yusifov and Rabinowitz, 2004)) but also the conduit diameter
(Lance et al., 1998; Kopf, 2002), and the depth from which the fluids and sediments are
mobilized (Huguen et al., 2004; Paull et al., 2015b). It has been proposed that the size of a
MV is related to the diameter of its conduit (i.e. larger structures have wider conduits), its age
(cones evolve into plateaus), and that the shape is influenced by the rheological behavior (i.e.
the viscosity) of the extruding mud breccia (Lance et al., 1998; Kopf, 2002; Paull et al.,
2015b). The viscosity in turn depends on a range of factors and the most relevant factors
influencing the height, width, and shapes to which MV systems can develop include: 1) the
porosity (i.e. a more porous mud breccia can contain a higher fluid content); 2) the fluid
content with respect to the sediment or clast content (i.e. a more fluidized mud breccia forms
flatter structures); 3) mud breccia expulsion velocity (i.e. higher velocity causes higher shear-
stress, a higher degree of fluidization, and a flatter structure); 4) pore fluid pressures (i.e. a
higher subsurface overpressure generates a higher feature); 5) temperature (viscosity of the
fluid decreases with increasing temperature); (Brown, 1990; Lance et al., 1998; Yusifov and
Rabinowitz, 2004; Feseker et al., 2009a). The parameters influencing the consistency of the
extruded material (Huseynov and Guliyev, 2004) may change throughout a single phase of
MV activity (Leon et al., 2007) or gradually during its lifetime (Kopf et al., 2001). In addition,
degassing and fluid loss of the mud breccia occurs as the material flows across the surface
and results in an increase in viscosity with increasing distance from the MV. This process
has been proposed to form steep ramparts at the edge of flat-topped mud pies (Paull et al.,
2015b).

1.3. Gas hydrates at submarine mud volcanoes and seeps

Hydrates are crystalline solids that consist of cage-forming water molecules — also referred to
as clathrates (Latin clatratus for cage) — with low molecular weight gas such as methane
(structure | gas hydrate) or higher hydrocarbons (structure |l gas hydrate) enclosed as “guest”
molecules. Gas hydrates are present at continental margins or in the deep sea where
methane concentrations in the sediments reach saturation and they are stable under specific
high-pressure and low-temperature (P/T) conditions defining the phase boundary between
hydrate and gas and the limit of the gas hydrate stability zone (GHSZ) depends on the
prevalent temperature profile (Fig. 1.5; (Kvenvolden, 1988; Bohrmann and Torres, 2006;
Sloan and Koh, 2008)). Sites of focused, methane-rich fluid migration at deep-marine cold
seeps and MVs are therefore predestined for hosting shallow buried or exposed gas
hydrates (Suess et al., 1999; Pape et al., 2010; Pape et al., 2011b) and typically form more
massive but localized gas hydrate deposits compared to the accumulations found dispersed
in sediments unaffected by seepage (Bohrmann and Torres, 2006).
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Fig. 1.5. Left: Calculated stability field of methane hydrate at normal seawater salinity, as defined by
temperature and pressure (expressed as depth). The depths between where the temperature profile of the
water and the subsurface (stippled line) intersect with the phase boundary (solid line) define the upper and
lower limits of the gas hydrate stability zone (GHSZ). Right: Inferred thickness of gas hydrate in sediments
of a stylized continental margin assuming a geothermal gradient of 28 °C/km. Typical bottom water
temperatures are marked and range from 2-18 °C from the foot of the continental rise to the shelf,
respectively; from Bohrmann and Torres (2006) (after Kvenvolden and McMenamin (1980)).

Gas hydrate deposits at these sites can undergo dissociation if changes in pressure (e.g. a
drop in hydrostatic pressure (Kvenvolden, 1993)) or temperature (e.g. an increase in bottom
water temperature (Kennett et al., 2000) or elevated fluid temperatures (Suess et al., 1999))
shift the ambient conditions of the hydrate deposit outside of the required P/T field. The
presence of CO,, H,S, ethane, and propane (or a combination) in the fluid from which
hydrate is formed, typically shifts the phase boundary to more stable conditions (higher
temperatures at a given pressure). An increase in the concentration of other dissolved
species such as Na* and CI ions in saltwater, however, lowers the stability of the hydrate
(lower temperatures at a given pressure). On the other hand, gas hydrate formation inside
the GHSZ is promoted if the solubility of methane in the fluid is lowered due to a higher
salinity, i.e. if more other dissolved ions are present (Yang and Xu, 2007). Vice-versa it is
more difficult to form gas hydrate from freshened fluids because more methane is needed to
reach oversaturation. The occurrence and distribution of gas hydrates at submarine MVs
(located in the GHSZ) is influenced by the methane supply as well as the heat flux from
below and their respective changes during different phases (e.g. quiescence vs. eruptions) of
MV activity. Gas hydrate decomposition may occur rapidly and locally at the extrusive center
during phases of increased MV activity in case warm fluids are advected from the subsurface.
In contrast, the base of the GHSZ may deepen in more distal regions away from the main
conduit (Fig. 1.6) or during phases of low heat flux. Accordingly, gas hydrate may
accumulate in areas or during times characterized by moderate MV activity (Pape et al.,
2011b).
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Fig. 1.6. Schematic cross section of a mud volcano with a central conduit that supplies warm fluids (and
solids, not shown) including methane to the seafloor. The gas hydrate distribution (blue area), temperature
isolines (grey stippled lines), and a sulfate zone (SZ, green), where sulfate infiltrates the sediments, are
indicated. The supply of heat from below and the microbial consumption of methane in the SZ affect the
base of the gas hydrate stability zone (GHSZ) and the top of the gas hydrate occurrence zone (GHOZ),
respectively; from Pape et al. (2011b) (after Bohrmann and Torres (2006), Egorov et al. (1999), Ginsburg et
al. (1999) following findings at the Hakon Mosby MV).

1.4. Gas release and mud extrusion at cold seeps

Cold seeps and MVs play a geologically relevant component in the global carbon and
material cycle (Kopf et al., 2001; Etiope and Milkov, 2004; Kvenvolden and Rogers, 2005;
Hong et al., 2013), influence ocean chemistry (Judd and Hovland, 2007; Mau et al., 2017)
and sudden release of large amounts of methane from gas hydrate dissociation may even
impact climate (Hesselbo et al., 2000; Padden et al., 2001; Dickens, 2003; Kopf, 2003;
Archer, 2007). The natural release of gas from marine seeps has been estimated to
contribute 31 to 48% of the annual global methane emissions from geological sources into
the atmosphere (i.e. 53 +/-11 Mt/year; (Etiope et al., 2008; Etiope and Ciccioli, 2009)).
Methane amounts emitted by an individual MV on land or in a shallow coastal area have
been estimated to range on average from 300-2400 t/year (Dimitrov, 2002) or a slightly
lower range of 10—-1000 t/year (Etiope and Milkov, 2004). In the deep sea (>200 m water
depth), an estimated 27 Mt of methane per year is released into the water from all MVs, of
which most is assumed to become oxidized in the water column (Milkov et al., 2003).

Discharge of gas or mud breccia depends strongly on the type of activity at any given MV
structure and the state of a MV can typically be classified as active, extinct, or buried. The
active state is thought to be characterized by long phases (up to 95% of a MV lifetime) of
quiescent fluid seepage, interrupted by short eruptive episodes (also referred to as
catastrophic events), consisting of explosive or extrusive (or a combination) mud breccia
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discharge, that essentially builds up the MV edifice (Kopf, 2002; Planke et al., 2003).
Eruptive episodes have been observed predominantly at terrestrial MVs or in shallow
offshore sites where mud volcanism can even cause the formation of (ephemeral) islands
during vigorous eruptions (Delisle et al., 2002). It has been argued that MV activity is not only
episodic but that fluid expulsion follows cyclic patterns at frequencies of decades for large
and catastrophic events down to minutes for gas- and mudflows during quiescent phases
(Deville and Guerlais, 2009). The catastrophic eruptions tend to be short lived (hours to
several days; (Kopf, 2003)) but also long-lived (several years) extrusive activity is known e.g.
from mudflows observed since 2006 (and currently still ongoing) at the sediment-hosted,
hydrothermal Lusi structure in Indonesia (Miller and Mazzini, 2017). Whereas links between
seismic events and the frequency of MV eruptions seem to exist in certain regions (e.g.
Azerbaijan; (Mellors et al., 2007)) this may not be the case for other areas (e.g. Barbados;
(Deville and Guerlais, 2009). Constraining a causal link between earthquakes and mud
volcano activity may be possible in certain cases but is complicated by the fact that often
there is insufficient knowledge about the threshold required to induce a MV eruption in the
first place and the potential time delays between the seismic event and the eruption (Manga
et al., 2009).

From studies of onshore MVs in Azerbaijan or Barbados, extrusion rates of gas-rich mud
breccia have been reported. They range from tens to hundreds of m*/day to short-lived (1-14
days) eruptions releasing 100’000 to 1'000'000 m®/day (Deville and Guerlais, 2009; Roberts
et al., 2011a). At the Hakon Mosby MV (Barents Sea) volumes of material outflow have been
modeled and are thought to vary from 10’000 to 30'000 m®/year (Kaul et al., 2006) whereas
for the Milano and Napoli MVs (Eastern Mediterranean), rates of 2000 to 8000 m®/year and
6000 to 15000 m®/year for the respective mud breccia extrusion have been derived via the
volumes and ages of the structures (Kopf, 1999; Wallmann et al., 2006). In contrast, activity
during the quiescent phases does not show mud breccia extrusions but is restricted to the
seepage of gas, liquids, and fluid-rich mud, lacking significant amounts of clasts. Discharge
is often localized and typically occurs only at gryphons (parasitic cones limited to a few
meters in size) or salses (fluid-rich mud pools; (Planke et al., 2003; Deville and Guerlais,
2009)).

1.5. Cold seep ecosystems

Marine cold seeps represent specific ecosystems where focused fluid flow supplies
hydrocarbon-rich fluids, consisting predominantly of methane, from the subsurface into
shallow-subsurface sediments (e.g. Mastalerz et al. (2009)). Most of the upward migrating
methane in marine sediments is degraded by the anaerobic oxidation of methane (AOM)
under anoxic conditions such as in deeper subsurface sediments, or oxidized aerobically by
microbial processes in the oxic water column or in uppermost millimeters of sediment. AOM
is an important process at cold seeps and occurs where the upward migrating methane
encounters downward diffusing seawater-sulfate, which acts as the electron acceptor in the
absence of oxygen. AOM involves the reaction of methane (CH.) with sulfate (SO4%) and
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leads to the formation of hydrogen sulfide (HS-), bicarbonate (HCOs) and water (H2O)
according to the following net equation (Knittel and Boetius, 2009):

CHs4 + SO4% > HS+ HCO3 + H20.

AOM has been found to be mediated by a consortium of sulfate reducing bacteria and
anaerobic methane oxidizing archaea (Hinrichs et al., 1999; Boetius et al., 2000). In addition,
it has been found that microorganisms from marine seeps can also make use of manganese
or iron to oxidize methane and even gain more energy although at slower rates than by the
sulfate-dependent AOM (Beal et al., 2009). The supply of methane, higher molecular-weight
hydrocarbons, and sulfide, represents a source of carbon and metabolic energy for extensive
micro- and macrofaunal, symbiotic or free-living, chemosynthesis-based organisms (Fig. 1.7;
(Formolo et al., 2004; Dubilier et al., 2008; Rubin-Blum et al., 2017). For example,
chemolithoautotrophic organisms including filamentous, sulfur-oxidizing bacteria (e.g.
Beggiatoa) or chemosynthetic bivalves (hosting endosymbionts mostly in their gills) such as
vesicomyid clams (e.g. Vesicomya, Calyptogena) and mytilid mussels (e.g. Bathymodiolus),
or vestimentiferan tubeworms (hosting endosymbionts in their tubes), are typically associated
with hydrocarbon seeps and mud volcanoes (Sibuet and Olu, 1998; Sahling et al., 2002;
Joye et al., 2004; Olu-Le Roy et al., 2004; Marcon et al., 2014b; Rubin-Blum et al., 2014).
These benthic organisms demand a constant supply of reduced compounds (i.e. methane or
sulfide or both) in dissolved form and establish themselves in locations where the fluid flux
corresponds to their relatively specific tolerance threshold. (Sahling et al., 2002). Shallow gas
hydrates represent a constant source of dissolved hydrocarbons (mainly methane) as
diffusion occurs between the hydrate and the methane-under-saturated water column and
result in AOM and sulfide flux near the seafloor. In hydrocarbon seeps of the southern Gulf of
Mexico it has been clearly observed for the first time that tubeworms are situated on top of
gas hydrate outcrops. They are interpreted to act as ecosystem engineers and sustain a high
rate of AOM and sulfide flux (Sahling et al., 2016) by their ability to release sulfate (taken up
from the sea water) via their rhizosphere (the 5-10 cm thick layer at the posterior tube of the
vestimentiferan tube worm; (Dattagupta et al., 2008)). The degradation of most of the
methane in marine sediments by AOM is ineffective if fluid flow is too rapid or gas bubbles
have formed because methane will largely bypass this so called microbial AOM-filter (Luff et
al., 2004; Sommer et al., 2006). Furthermore, the colonization of a potentially suitable habitat
by seep organisms is challenged in case frequent mudflows from MVs dislodge or bury the
organisms (Roberts and Carney, 1997; Wallmann et al., 2006; MacDonald and Peccini, 2009;
Feseker et al., 2014).
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Fig. 1.7. Schematic drawing of the AOM reaction process. Methane is supplied by fluid flow or from shallow
gas hydrates to the AOM consortia, which use seawater sulfate to produce hydrogen sulfide, bicarbonate
and water. The utilization of methane by mytilid mussels and of sulfide by sulfur oxidizing bacteria forming
filamentous mats (e.g. Beggiatoa) or living as endosymbionts in vesicomyid clams or vestimentiferan
tubeworms is indicated. AOM increases pore water alkalinity and the bicarbonate reacts with seawater
calcium to precipitate as authigenic carbonate that acts as substrate for certain organisms to establish (e.g.
Mytilidae or Vestimentiferans) but also forms carbonate pavement sealing off the seafloor; modified after
Sibuet and Olu (1998), Sahling et al. (2002), and Bayon et al. (2009).

AOM also causes to the precipitation and accumulation of authigenic carbonate, which is an
additional process contributing to cold seep ecosystems. At high rates of sulfate reduction
(up to 140 mmol/m?/d; (Boetius et al., 2000)) there is an increase in bicarbonate (HCO3) as a
result of intensive AOM. This increases the alkalinity of the pore water and can react with
calcium and magnesium in the seawater to precipitate as a variety of aragonite (CaCOs),
high-magnesium calcite (MgCQOs), or dolomite (CaMg(CO3).) phases. The sulfate reduction
exerts control on the composition of the precipitating phase as for example the presence of
dissolved sulfate in pore waters has been found to be inhibiting towards high-magnesium
calcite (Ritger et al., 1987; Aloisi et al., 2002; Luff and Wallmann, 2003). Authigenic
carbonate formations can be localized and form small, disseminated nodules or concretions
of a few centimeter, form decimeter-thick slabs, meter-high mounds, or pavements extending
for several tens to hundreds of square meters (Aloisi et al., 2000; Gontharet et al., 2007;
Himmler et al., 2011; Rémer et al., 2014) or can even grow as chemoherms structures into
the water column (Teichert et al., 2005).

Cementation by seep carbonates alters the seafloor surface structure to a hard substrate
potentially with a high rugosity that can be detected hydroacoustically in backscatter data
(Gay et al., 2007; Buerk et al., 2010). Importantly, the carbonate hardgrounds may provide
stability and protection for seep-related fauna such as tubeworms (Sassen et al., 2004) or
start to clog and eventually self-seal the available fluid migration pathways, effectively
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shutting down further AOM and seepage (Hovland, 2002; Bayon et al., 2009). These
carbonate deposits can thus be seen as indicators for past flow of hydrocarbon-rich fluids.
The stable carbon isotope (3"Ccamonate) COmposition of authigenic carbonates typically
reflects to some degree the '*C-depleted composition of the methane, which fueled its
precipitation. The stable oxygen isotope (3'®Ocaronate) cOMposition on the other hand may be
influenced by a combination of factors including the presence or absence of gas hydrate, the
composition, temperature, and pH of the pore water from which the carbonate phase formed
(Bohrmann et al., 1998; Teichert et al., 2005; Naehr et al., 2007; Himmler et al., 2011). Gas
that is trapped in pores of authigenic carbonates, however, does not represent reliable
archive for the original hydrocarbon composition from which the carbonates precipitated
(Blumenberg et al., 2017).

1.6. Hydrocarbon sources and mud volcanism

Methane (CH.) is the most common hydrocarbon gas in marine sediments (e.g. Hovland et al.
(1993)) and focused methane seepage is characteristic for cold seeps with CHs-
concentrations in gases from MVs generally exceeding 80 vol-% (Kopf, 2002; Etiope et al.,
2009). Methane generation in marine sediments occurs either by microbial degradation of
organic matter (i.e. by methanogenic archaea) under anoxic conditions at temperatures
<80 °C or by thermal decomposition of high molecular-weight organic matter or the cracking
of oil at temperatures that may exceed 150 °C (Claypool and Kvenvolden, 1983; Quigley and
Mackenzie, 1988; Clayton, 1991; Stolper et al., 2014). These temperature ranges indicate
shallower burial depths (diagenesis) and more recent sediments for microbial methane
production in comparison to thermogenic gas, which is typically associated with mature
source rocks, within or after the “oil window” maturation level (catagenesis or metagenesis),
and deep hydrocarbon reservoirs (Fig. 1.8; (Clayton, 1991; Floodgate and Judd, 1992;
Mazzini and Etiope, 2017)). As a result, the processes and environments responsible for the
hydrocarbon generation can be studied by differentiating microbial methanogenic pathways
(i.e. acetate fermentation and carbonate reduction) from thermogenic degradation of organic
matter (Whiticar, 1999; Etiope et al., 2009).
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Fig. 1.8. Schematic hydrocarbon generation with depth; the depth scale varies with the geothermal
gradient (modified after Floodgate and Judd (1992)). An approximate temperature range is given, based on
the range of typical microbial and thermogenic gas formation (for sources see text), and the oil and gas
windows are indicated.

Interpretations of the origin of hydrocarbon gases such as CHs (also referred to as C1) or
higher hydrocarbons such as ethane (C;), propane (Cs), butane (C.), etc., are typically based
on the analysis of the stable carbon (3'C) and hydrogen (dD) isotopes as well as the gas
composition (i.e. the molecular ratio of C4 vs. Co+; (Bernard et al., 1977; Whiticar, 1999)). For
example, microbial activity in methane production involves a strong kinetic isotope-
fractionation effect, whereby the lighter '>C isotope is preferentially targeted, and leads to
more negative 3"C of the produced methane. Specifically for methane, models to
characterize the gas source are based on cross-plots of 5'*C-CH, and C1/Cz+3 (Bernard et al.,
1977) or 8'3C-CHs and dD-CH4 (Schoell, 1983; Whiticar et al., 1986) as shown in Fig. 1.9.
Following these diagrams, microbial methane is characterized by C+/Cz:3 >1000, 5'3C-CH4
values <-60%., and 8D-CHs values of -170%0 to -250%0 for methane produced in marine
sediments (i.e. following the carbonate reduction pathway). Methane with low C1/C2.3 ratios
(< 100), with less depleted 5'3C-CH4 (>-50%0) and 8D-CH. values (>-170%o) characterize the
thermogenic methane source (Bernard et al., 1977; Whiticar et al., 1986)).
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Fig. 1.9. Left: Carbon-hydrogen diagram for classification of microbial and thermogenic methane based on
8'*C-CH4 and dD-CHs stable isotope data (modified after Whiticar (1999)); Right: “Bernard” diagram for
classification of hydrocarbon gas based on 8'*C-CH4 and C1/C2+s information with addition of theoretical
mixing lines and relative compositional effects of migration and oxidation (modified after Whiticar (1999)).

A compilation of data on methane by Etiope et al. (2009), sampled at numerous MVs on land,
indicate that thermogenic methane is a common source of gas extruded within the MV and
mud breccia. In terms of the 8'*C-CH4 vs. C4/C2+3 diagram, however, many samples plotted
above the thermogenic and to the right of the microbial area, clearly outside of theoretical
mixing lines, as e.g. defined by Whiticar (1999). Furthermore, in comparison to the gas
reservoirs presumably feeding these MVs, the emitted gas was shifted towards lighter
C1/Co43 ratios. It is known that hydrocarbon-rich gas following a migration pathway leads to
an enrichment in methane (C1/ C».3 ratio increase, Fig. 1.9, right) that can again become
enriched in the lighter '2C (Prinzhofer et al., 2000). The geochemical gas signatures found at
the MVs were interpreted to be the result of a molecular fractionation process related to
differential adsorption of the gas onto the mud and differential solubilities of the gas in liquids.
It is imagined that during the migration of the gas, similar to a “chromatographic effect’, the
compounds eventually emitted at the surface become enriched in methane (the lighter and
smaller C1 component) and the methane will be enriched in 2C).

A similar mechanism has also been proposed for MVs in Trinidad (Deville et al., 2003) and a
comparison of the composition of gas released at the center of the Dashgil MV (Azerbaijan)
with that released at the edge of the collapse caldera also showed differences that point to a
fractionation effect during gas migration (Mazzini et al., 2009b). Etiope et al. (2009) further
observed that during eruptions of the MVs (i.e. during phases of increased fluid flow), the
emitted gas showed a composition more similar to that of the corresponding reservoir. At
MVs in Barbados, the C,. has been documented to be higher at sites which experienced
recent eruptions (Deville and Guerlais, 2009). This indicates that the MV plumbing system
supplies material more directly from depth during eruptive activity, whereas during phases of
quiescence or slow fluid flow, there is more time for gas-water-mud interactions and
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adsorption. Differences in gas chemistry at contrasting seepage sites at a MV potentially give
insight into variations of the transport mechanisms or pathways of the fluids and solids
transported in the subsurface plumbing system.

1.7. Pore water chemistry of mud volcano sediments

Water (H20) is a regularly encountered pore fluid component in expelled mud breccia (e.g.
Dahlmann and De Lange (2003)). Three important sources that influence its composition in
sediments affected by submarine mud volcanism (or fluid seepage in general) include the
contribution of water: 1) entrapped in sediments during fast burial; 2) produced at depth
during diagenetic reactions; 3) resulting from dissociation or formation of gas hydrate
(Dahlmann and De Lange, 2003; Kastner et al., 2014). The release of mineral-bound waters
from clay dehydration reactions or gas hydrate dissociation adds fresh water to the
sediments and causes a dilution effect of dissolved species such as chloride (CI) with
respect to H>O (i.e. causes a reduction in salinity; (Martin et al., 1996; Torres et al., 2004a;
Kastner et al., 2014)). In contrast, gas hydrate formation excludes salt and leads to an
increase in the CI concentration with respect to H20 in the remaining pore fluid (Torres et al.,
2004b). If fluids are derived from evaporated seawater (Charlou et al., 2003) or if there is
interaction with evaporite deposits in the subsurface (Huguen et al., 2009) this will also be
reflected by an increased salinity (brine) in the pore water of the extruded mud breccia.

Diagenetic reactions at depth that cause pore pressure increase and a freshening (i.e. CI
depletion) in fluids (Kastner et al., 2014) are known from cold seeps or MVs at a range of
passive margins, such as at the Canadian Beaufort Sea (Paull et al., 2015b), erosive
margins along Costa Rica (Hensen et al., 2004), or accretionary systems including Barbados
(Le Pichon et al., 1990; Martin et al., 1996), Cascadia (Torres et al., 2004a), or the eastern
Mediterranean (Dahlmann and De Lange, 2003). Analyses on the composition of fluids
obtained from MVs have revealed that the clay-mineral dehydration is an important source of
pore water supply in mud breccia fluids (Mazzini and Etiope, 2017). The transformation of
smectite to illite (illitization) typically takes place at ~60-150 °C (Kastner et al., 2014) and
occurs at depths of several km (e.g. by assuming a linear geothermal gradient of 30 °C/km)
and, therefore, provides a means to estimate the source depth for fluids associated to the
MV system. An alternative dehydration reaction is the transformation of opal-A to opal-CT to
quartz, which occurs at temperatures of ~10-100 °C. The dehydration of opal typically
requires diatomaceous-ooze or radiolarians in the sediment as the source for the silica-opal
(Dahimann and De Lange, 2003; Kastner et al., 2014).

1.8. Temperatures at cold seeps

Sediment temperature observations at cold seeps and MVs are helpful to characterize their
activity. The ascent of subsurface material also transports heat and causes a temperature
increase in near surface sediments affected by seepage. Although a precise temperature
range for “cold” seeps is not defined, the term effectively differentiates against magmatic
volcanic or hydrothermal systems and hot vents where emerging fluids are typically >60 °C
and which occur in geologically different contexts (e.g. oceanic spreading centers at
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divergent margins) and show much faster emission rates (Parnell, 2002; Haase et al., 2007).
Cold seeps are typically characterized by sediment temperatures that are at maximum
several tens of °C warmer (e.g. >40 °C at 10 m sediment depth at Isis MV; (Feseker et al.,
2009a)) than sediments not affected by seepage (ca. 14 °C at 10 m sediment depth in the
same study located in the warm Eastern Mediterranean). In case the background geothermal
gradient is known for the study area, it is possible to estimate a source depth for material that
is emitted at certain temperature. At best, these are minimum estimates, however, due to
heat loss over time or distance during the material ascent or near-surface seawater
infiltration, and should be cross-investigated via geochemical analyses of emitted gas or
water (or both; (Feseker et al., 2009a; Feseker et al., 2009b)).

Elevated temperatures at cold seep sites may, however, not only result from the advection of
warm subsurface material. The spontaneous formation of gas hydrate is an exothermic
reaction and sediment temperatures at cold seep sites located within the GHSZ (i.e. if the
necessary pressure and temperature conditions are met; see Fig. 1.5.) can be influenced by
warmer values locally (Sahling et al., 2009). On the other hand, the dissociation of gas
hydrate consumes heat and the occurrence or distribution of gas hydrate in a sediment core
(retrieved on deck) can be investigated by looking for cold spots (temperature anomalies on
the order of several degrees) with the use of an infrared camera (Weinberger et al., 2005;
Bohrmann and Torres, 2006).
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2. Study area

2.1. Tectonic and geological setting of the Calabrian Accretionary Prism

The Mediterranean Sea forms a contact area between the convergent African and Eurasian
plates and continental-scale lithospheric subduction processes have strongly influenced the
development of both the eastern and western Mediterranean basins since the Late
Oligocene (Biju-Duval et al., 1977; Gueguen et al., 1998; Neri et al.,, 2009). Whereas
remnants of Mesozoic oceanic crust (Neotethys) are likely present below the sedimentary
infill of the Eastern Mediterranean (Granot, 2016), no Mesozoic oceanic crust is found in the
Western Mediterranean basins. The Calabrian subduction zone in the central Mediterranean
(lonian Sea) is argued to represent one of the last remaining sites where oceanic crust of the
Neotethys is involved in subduction today (Spakman, 1986; de Voogd et al., 1992). Based on
tomographic studies of the subduction zones below the Apennines and Calabria it appears
that a lateral slab tear has progressed southeastward from the northern Apennines across
the central and southern Apennines and caused detachment of the downgoing slab (Wortel
and Spakman, 2000). A slab tear is also argued to propagate from the west near Sicily,
causing the onset of slab detachment at the Calabrian subduction zone (Fig. 2.1). These
findings imply that the present-day subduction zone is limited to a narrow sector of Tethyan
lithospheric material at the Calabrian subduction zone (Faccenna et al., 2001; Spakman and
Wortel, 2004; Neri et al., 2009)).

The arcuate-shaped Calabrian subduction hinge developed by the progressive subduction of
the African below the Eurasian plate coupled to the eastward retreat and the roll-back of the
lonian side of the subducting lithospheric slab during the last 30 Ma (Fig. 2.1; (Wortel and
Spakman, 2000; Neri et al., 2009)). The slab retreat invoked the opening of the Tyrrhenian
Sea basins in the backarc since the upper Miocene (ca. 10 Ma) generating the Vavilov basin
during the Pliocene (4—3 Ma) and the Marsili basin in the Early-Mid-Plesitocene (2—1 Ma) in
two rapid phases with extension rates of up to 50-70 mm/yr (Jolivet et al., 1999; Sartori,
2003; Faccenna et al., 2007; Polonia et al., 2011). During the eastward slab retreat
across >300 km, the Calabria-Apennine subduction zone was fragmented and developed a
narrow (ca. 200 km wide) and steeply dipping (~70°) plane dipping in NW direction (striking
NE-SW) to >500 km depths (Faccenna et al., 2001; Neri et al., 2009). The present-day,
arcuate shape of the Calabrian subduction zone has been attributed to a last phase of the
slab retreat in combination with opposite vertical axis rotations between Sicily/Calabria
(clockwise rotations) and the Southern Apennines (counterclockwise rotations; (Mattei et al.,
2007)). It is assumed that subduction and slab retreat ceased between 1-0.5 Ma, causing a
tectonic reorganization coinciding with the onset of km-scale uplift (on the order of 0.5-2
mm/yr) of Calabria and parts of the forearc basins (Westaway, 1993; Goes et al., 2004;
Mattei et al., 2007; Zecchin et al., 2011). The uplift is argued to have substantially contributed
to the morphology of the Calabrian-lonian margin slopes. They are characterized by steeply
incising riverbeds onshore (“fiumare”), that connect to numerous submarine canyons
organized orthogonally to the coastline (Morelli et al., 2011; Gutscher et al., 2017).
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Fig. 2.1. Map of the Mediterranean region showing the Mediterranean plate boundary evolution during the
last 30 million years; black arrows indicate the present plate motion of Africa with respect to Europe; curves
with sawtooth patterns (pointing in direction of subduction) indicate the location of the western
Mediterranean convergent boundary at different times; black, white, and grey sawteeth indicate,
respectively, continuous, detached, or a doubtful (as for Calabria) situation of subducting slab; white arrow
shows the inferred direction of lateral migration of slab detachment; Upper left inset: Map of the Calabrian
Accretionary Prism area (here called Calabrian Arc) at a different scale; Lower right inset: 3D sketch of the
geometry and geodynamic situation of the lithospheric slabs in the Alps, Apennines, southern Tyrrhenian
Sea, and Calabria as derived and interpreted from positive upper mantle anomalies in tomographic data. A
question mark indicates the doubtful situation of subduction beneath Calabria; from Neri et al. (2009) (after
Wortel and Spakman (2000); Spakman and Wortel (2004)).

In the external part of the subduction zone, sediments were scraped off from the descending
African plate and were accumulated into a thick wedge (up to 10 km) forming an accretionary
complex. This wedge is referred to as the Calabrian accretionary prism (CAP). The CAP
spans over 300 km from onshore Calabria at ~1900 m above sea level to the toe of the
wedge at water depths of ~4000 m in the lonian abyssal plain where it intersects with the
Mediterranean Ridge (Fig. 2.2). To the southwest, the CAP is bordered by the Malta
escarpment and by the Apulia escarpment to the northeast (Rossi and Sartori, 1981;
Malinverno and Ryan, 1986; Minelli and Faccenna, 2010). The CAP can be separated in an
Eastern Lobe and a Western Lobe, and the so called lonian Fault has been identified at the
limit between the lobes. The lonian Fault arguably involves dextral strike-slip in the
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northwestern portion but sinistral shear along the outer limit of the lobes (Polonia et al., 2011;
Gutscher et al., 2017).

The overall geometry and deformational style was strongly influenced by the syn-
accretionary deposition of evaporite units on the wedge and the undeformed frontal parts
(Minelli and Faccenna, 2010) during the Messinian salinity crisis between 5.97 and 5.33 Ma
(Hsu et al., 1973; Roveri et al., 2014). Several studies have analyzed the morpho-structural
layout of the offshore to near-onshore CAP (e.g. Rossi and Sartori (1981), Minelli and
Faccenna (2010), Polonia et al. (2011), Ceramicola et al. (2014b), Gutscher et al. (2017)),
which can be summarized to consist of: 1) the lonian abyssal plain, 2) the external (evaporitic)
wedge also referred to as the post-Messinian wedge, 3) the internal (clastic) wedge also
referred to as the pre-Messinian wedge, and 4) the forearc basins (offshore known as the
Spartivento-Crotone basins) including the Calabrian slope and onshore land topography of
Calabria (Fig. 2.2).
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astern lobe

Western lobe

Fig. 2.2. Inset: The location of the Calabrian Accretionary Prism (CAP), Mediterranean Ridge (MR),
Anaximander Mountains (A), and the Nile Deep Sea Fan (NDSF) and associated MV provinces (light grey
areas; after Mascle et al. (2014)) in the Eastern Mediterranean region; major plate boundaries are
indicated by red lines (sawteeth point in direction of subduction); Main figure: Bathymetry of the CAP with
morpho-structural domains (each framed by a dark grey line) after Ceramicola et al. (2014b) and Gutscher
et al. (2017); the Calabrian Escarpment separates the Internal wedge (see text) and the lonian Fault
straddles the boundary between an eastern and a western lobe; topography data of Italy from Ryan et al.
(2009).
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Metamorphic and sedimentary units of a Mesozoic-Cenozoic basement of the accretionary
wedge is exposed in the onshore forearc basins. They are and overlain by sediments of up to
Mid-Miocene (late Serravallian) age, including Messinian evaporites and Plio-Pleistocene
units (Roda, 1964; Zecchin et al., 2003), which have also been drilled in nearshore wells
(Capozzi et al., 2012). Seismic investigations suggest that the offshore Spartivento-Crotone
forearc basins contain up to 2 km of Pliocene-Quaternary sedimentary infill with <500 m thick
Messinian deposits (Minelli and Faccenna, 2010; Polonia et al., 2011). Capozzi et al. (2012)
have proposed that the Messinian deposits likely consist of siliciclastic successions but it
should be reminded that to date, the offshore forearc basins have never been drilled.
Seawards, the internal wedge of pre-Messinian age is characterized by sets of ridges and
basins of several hundred meters in relief that have been interpreted as a fold-and-thrust belt
(Rossi and Sartori, 1981; Praeg et al., 2009). The most prominent ridge has been termed the
Calabrian Escarpment and it marks the transition from an inner plateau and an outer, more
rugged area. The fold-and-thrust belt morphologies are attributed to a series of out-of-
sequence thrusts extending below the forearc basins and they document post-Messinian
activity and deformation (Minelli and Faccenna, 2010; Polonia et al., 2011; Ceramicola et al.,
2014b). The external, post-Messinian wedge is characterized by lower relief, referred to as a
cobblestone morphology, which decreases progressively across the outer domain (Rossi and
Sartori, 1981). The cobblestone morphology is attributed to underlying, evaporitic Messinian
deposits that thicken seawards and have been identified to act as a basal décollement of the
subduction zone. Indications of the northwest dipping, downgoing slab have been identified
at the transition to the lonian Abyssal plain (Minelli and Faccenna, 2010).

2.2. Mud volcanism in the Central and Eastern Mediterranean

The margins of northern Africa and southern Eurasia bordering the Eastern Mediterranean,
host one of the world’s highest abundance of currently recorded submarine MVs (Kopf, 2002;
Foucher et al., 2009; Mascle et al., 2014). In the Central and Eastern Mediterranean the
following offshore areas have been confirmed to contain major MV provinces: 1) the
Mediterranean Ridge, 2) the Anaximander Mountains, 3) the Nile Deep Sea Fan (NDSF), 4)
the Calabrian Accretionary Prism (CAP; Fig. 2.2).

The earliest studies of submarine mud volcanism in the Eastern Mediterranean have been
conducted over 30 years ago. These pioneer studies cored (and introduced the new term)
“mud breccia” for the first time at the Prometheus mud dome along the Mediterranean Ridge
accretionary prism (Cita et al., 1981; Camerlenghi et al., 1992). Subsequent scientific drilling
of the Napoli and Milano MVs revealed that extrusive activity occurred up to the last 1.2 Ma
ago (Robertson et al., 1996). Systematic sidescan sonar investigations partially ground
truthed by sediment cores revealed that 96% of all MVs on the Mediterranean Ridge occur in
an area ca. 70 km wide forming a belt along the prism backstop. This MV belt seems to
correspond to large regional shear zones resulting from strain partitioning due to oblique
plate convergence between Africa and Eurasia (Rabaute and Chamot-Rooke, 2007).
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The first (and so far only) occurrence of gas hydrates in the Mediterranean Sea could be
confirmed at MVs in the Anaximander Mountains. Gas hydrates were initially sampled at the
Kula MV (Woodside et al., 1998), and later also repeatedly at the Amsterdam, Kazan,
Thessaloniki MVs (Lykousis et al., 2009; Pape et al., 2010). Given the generally high sea
water salinity and temperature (e.g. 38.7 PSU and 13.8 °C at the CAP during 2014;
(Bohrmann et al., 2015)) of the Mediterranean deep water masses, the gas hydrate stability,
for example at the CAP, is reached in depths exceeding 1000 m (Fig. 2.3). This restricts the
potential occurrence of gas hydrates in the Mediterranean to the deep basins such as at the
Anaximander Mountains. Highly elevated gas concentrations, as found in the Anaximander
Mountains MVs (Pape et al., 2010), are required for gas hydrates to occur at the seafloor or
the near-surface sediments in the Mediterranean.
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Fig. 2.3. Calculated stability field of methane hydrate (structure ) as defined by temperature and pressure
(expressed as depth in meters below sea level (mbsl)) for salinity representative of the Mediterranean sea
water encountered at Venere MV in the CAP. Based on the local water temperatures at Venere MV the top
of the gas hydrate stability zone (GHSZ) could be determined; temperatures were measured by a
conductivity-temperature-depth (CTD) probe, see Bohrmann et al. (2014), and the gas hydrate phase
boundary was calculated with the program HWHYD (Masoudi and Tohidi, 2005).

The Egyptian continental margin hosts numerous cone-shaped MVs and kilometer-scale, gas
rich mud pies at the eastern edge of the NDSF (Dupré et al., 2008). Of particular interest are
a group of cone-shaped MVs within a large caldera structure located at the foot of the
continental margin in the western reaches of the NDSF. The cones host summit calderas
filled with highly saline brines and the seeping fluids have been interpreted to be sourced
from within or below highly fractured Messinian evaporites (Huguen et al., 2009; Dupré et al.,
2014). Brine lakes were also discovered on MVs in the Olimpi Field on the Mediterranean
Ridge (Woodside and Volgin, 1996) but their salinity signature has been attributed to relict,
evaporated pore water rather than dissolution of Messinian salt (Charlou et al., 2003). In fact,
km-thick evaporite layers are seen as efficient traps for fluids and to prevent fluid flow to the
seabed in the deep parts of the Mediterranean basins. Based on large-scale seismic
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investigations, the distribution of most MV in the Mediterranean region has been found to
correlate with sites where evaporites show reduced thickness, or are absent (within the
seismic resolution; Fig. 2.4). The MV province located on the western edge of the NDSF
represents an exception to this observation and may be related to specific source rocks
underlying the Messinian evaporites (Kirkham et al., 2017) and the presence of growth faults
and strongly fractured evaporites associated with that part of the African continental margin
(Huguen et al., 2009; Mascle et al., 2014).
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Fig. 2.4. Large-scale distribution of MVs (terrestrial MVs = orange dots; offshore MVs = yellow dots) and
deep Messinian evaporite basins (pink lines) in the Mediterranean region, possibly the Earth’s area most
densely populated by MVs. Most occur where no thick Messinian evaporite deposits exist, with the
exception of the northwestern Egyptian margin; from Mascle et al. (2014).

For the Central and Eastern Mediterranean it can be generally stated that MVs develop
preferentially in association with compression such as in the Mediterranean Ridge
accretionary prism (Limonov et al., 1996) but also along passive continental margin areas
characterized by high sedimentation rates such as at the NDSF (Dupré et al., 2007). An
underlying tectonic control with regard to MV distribution and extrusive activity has become
apparent because most MVs so far identified in these areas show an association with
structures such as thrusts or folds expressed morphologically on the seabed or in the shallow
subsurface (Galindo-Zaldivar et al., 1996; Kopf, 2002). An active tectonic context, high
sediment accumulation rates and an inhomogeneous distribution of Messinian evaporites
also characterize the CAP, which is still considered a frontier area for MV research (Foucher
et al., 2009). The occurrence of over 50 MVs has only recently been recognized (Praeg et al.,
2009; Ceramicola et al., 2014b).
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2.3. Mud volcanism in the Calabrian Accretionary Prism

In the CAP the first mud breccia containing lithic fragments of Upper-Cretaceous to
Messinian age was recovered over 30 years ago in two sediment cores taken on top of a
seismically chaotic body (Barbieri et al., 1982; Morlotti et al., 1982). These deposits were not
recognized to originate from MVs but instead were interpreted to be the result of tectonic
“chaoticization” (Morlotti et al., 1982) and have only recently been attributed to mudflows
originating from the Sartori MV (Panieri et al., 2013). The likely presence of MVs in the CAP
became apparent, however, during ground truthing and reassessment of large-scale
sidescan surveys of the Mediterranean Ridge and a partial section of the CAP (Fusi and
Kenyon, 1996; Sartori, 2003). To date, more than 50 MVs have been identified (the locations
of the most relevant MVs for this study is shown in Fig. 2.5a) across the Spartivento and
Crotone forearc basins as well as the pre-Messinian prism (Fig. 2.5b+c), with variable
certainties based on the compilation of sediment cores, morphology, backscatter, and
subbottom data (Ceramicola et al., 2014b). Several mud diapirs have been inferred from
seismic data to occur below the forearc basins (Capozzi et al.,, 2012). Seawards of the
Calabrian Escarpment (in the outer pre-Messinian prism), only one extrusive structure has
been proposed to occur in addition to a site that may have been affected only by gas release
in the past (Praeg et al., 2009; Panieri et al., 2013; Ceramicola et al., 2014b).

Seismic investigations have been conducted across the Madonna dello lono MVs (forearc
basin) and the Pythagoras MVs (near the Calabrian Escarpment; locations in Fig. 2.5a) and
determined that extrusive activity started already 3 Ma ago. It is argued that the onset of mud
volcanism corresponds with a major tectonic reorganization of the Calabrian subduction zone
during the mid-Pliocene (Praeg et al., 2009). Systematic hydroacoustic surveys of the CAP
revealed the general morphologies of numerous MVs and anomalous backscatter intensities
could be attributed to sites of more recent mud breccia extrusion. Based on the burial depth
of cored mud breccia deposits, an estimated sedimentation rate, and the corresponding
backscatter intensity allowed to constrain overall MV activity during the last 56 ka, and within
the last 12.5 ka in the forearc basins (Ceramicola et al., 2014b). Evidence of active fluid
release at MVs or cold seeps in the CAP has been limited to observations made during ROV
dives at the Madonna dello lono MV, where seepage was indicated by elevated geothermal
gradients in addition to the presence of reduced-appearing sediments and chemosynthetic
tubeworms in a short core (Foucher et al., 2009).

The micropaleontological evidence of mud breccia clasts (e.g. from Madonna dello lono,
Pythagoras, or Sartori MVs) of up to Cretaceous age point to a source of mobilized material
situated deep with the accretionary prism (Morlotti et al., 1982; Praeg et al., 2009; Panieri et
al.,, 2013). Because a large number of MVs appear to be aligned along the Calabrian
Escarpment or associated tectonic faults, the ascent of fluids from within the prism seems to
be driven by the overall compressive regime of the CAP (Praeg et al., 2009; Gutscher et al.,
2017). It has been suggested that the out-of-sequence thrusts provide preferential pathways
for fluid migration (Polonia et al., 2011; Panieri et al., 2013). This, however, remains unclear
because, with the exception of one structure, no MVs have so far been identified seawards of
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the Calabrian Escarpment among the proposed out-of-sequence thrusts (Fig. 2.5c). MVs
occur predominantly at the edges of the forearc basins or the inner pre-Messinian prism in
areas where Messinian evaporites are absent or strongly thinned (Fusi et al., 2006;
Ceramicola et al., 2014b).
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Fig. 2.5. a: Morpho-bathymetry of the CAP (note stretched color scale) and location of selected MVs in the
forearc basin (Venere and Madonna dello lono), the inner pre-Messinian prism (Sartori, Cetus, Pythagoras,
Poseidon), and the outer pre-Messinian prism (Nikolaus); b: Schematic NW-SE cross-section from
Tyrrhenian to the lonian seas; see a) for nominal location; modified after Praeg et al. (2009)) and
enlargement of the central part (modified after Ceramicola et al. (2014b)) with the MV distribution
(projected) in relation to the structural zones; black lines with half-arrows indicate thrusts.
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The main focus of this work is on the twin-cone Venere MV, which was identified for the first
time and named by Ceramicola et al. (2014b), who recognized the overall morphology but no
particular indications of ongoing seepage activity. It was during research cruise by RV
METEOR M112 in 2014 that documented fresh appearing mud breccia extrusions and a flare
at the MV summit and active gas bubble streams and chemosynthetic communities at
peripheral seeps of the MV edifice (Bohrmann et al., 2015). Extensive and repeated
hydroacoustic surveys across most of the MV structures initially identified across the CAP by
Ceramicola et al. (2014b), indicated that Venere MV was the only structure characterized by
gas emissions at that time. Considerable efforts including visual and hydroacoustic surveys,
seafloor mapping, water column measurements, and geological sampling of fluids and solids
were undertaken at Venere MV, to investigate this active structure. The gas emissions were
monitored during repeated surveys over 31 days and the gas flares showed variability both in
timing (episodic vs. continuous activity) and intensity (inactivity vs. flares of >250 m height).
Bottom water samples from near the seafloor (0.5-2 meters) at flare sites were enriched in
methane and showed concentrations of up to 566 pyM. It was found, however, that this
methane was rapidly oxidized in the higher water column at ca. 100 m above seafloor
(Geprags, 2016). Blumenberg et al. (2017) analyzed gas samples, that were collected at cold
seeps along the periphery of the MV and have revealed a thermogenic origin based on the
carbon stable isotope composition of methane (3'*C-CH, of -48.6%0 and -47.3%o) in addition
to the presence of ethane (8'3C-C;Hs of -21.6%0 and -22.3%¢) and propane (8'3C-CsHs of -
12.5%0 and -17.7%o).

The results from M112 included a bathymetric dataset derived from multibeam mapping by
an autonomous underwater vehicle (AUV, MARUM-SEAL 5000) that partially covered
Venere MV and the surrounding caldera (Bohrmann et al., 2015). The preliminary results
obtained during M112 inspired a second research expedition by RV POSEIDON POS499 in
2016 to complete the AUV-based mapping and to complement the geological investigations
by additional sediment cores (Bohrmann et al., 2016). The results and conclusions presented
in this work are based on the data collected during both the M112 and the POS499 cruises.
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3.1. Overarching goal

The overarching goal of this work is to study mud volcanism and associated fluid seepage in
a comprehensive geological context at the example of the active Venere MV in the CAP. The
reviews provided in Chapters 1 and 2 indicate that a number of topics remain unsatisfactorily
resolved with regard to the general functioning of cold seeps but also their association with
fluid generation and migration in the CAP. The three main manuscripts presented in this
cumulative thesis (Chapters 5, 6, 7) and the two additional studies (Chapters 8, 9) aim to
address the aspects which are outlined in the following.

3.2. Open questions and aims of the three manuscripts

i) Shed light on processes responsible for fluid generation, transport, and discharge.
Processes that drive MVs occur at subsurface depths inaccessible for direct sampling.
Analyzing fluids emitted at cold seeps or extruded within mud breccia of MVs, however,
provides a way of learning about deep-seated crustal dewatering, hydrocarbon generation,
and diagenetic reactions. The surface expression of mud volcanism and fluid seepage is
related to the underlying plumbing system and the governing type of activity (eruptions vs.
quiescent seepage). Whereas these aspects have been studied in case studies on land, they
have rarely been investigated for submarine MVs. The potential implications of different fluid
migration pathways for the distribution of cold seeps including the seep-associated fauna
remain poorly known. In the CAP, the fluids involved in the mud volcanism have not been
investigated so far even though it has been hypothesized that they are supplied from deep
within the accretionary prism. The first study presents a new AUV-derived seafloor map at
meter-scale resolution of Venere MV and makes use of hydroacoustic water column
investigations and ROV surveys to locate gas emission sites and to document the area of
most recent mud breccia extrusions. ROV observations and samples of sediments and fluids
are used to characterize different discharge mechanisms and geochemical fluid analyses
indicate the sources of fluids. Based on the geophysical, sedimentological, and geochemical
datasets a conceptual model is proposed to explain the observed structure of Venere MV
and the involved fluid sources. The results improve the understanding of the plumbing
systems of submarine MVs and confirms the hypothesis that fluid origins are located deep
below the forearc basins of the CAP.

ii) Investigate the morpho-dynamic changes and the spatio-temporal evolution of the
MV and potential interactions with processes in the surrounding channel.
The morphologies of MVs (overall edifice, caldera, ring faults, etc.) result from mud breccia
extrusion and represent a development of a MV over time. Thousands of submarine MVs are
estimated to exist globally and the extrusion of mud breccia contributes to the cycling of
gases, liquids, and solids from the subsurface into the hydrosphere. There is little information
on the evolution of deep-sea MVs, few are mapped at resolutions that would render their
detailed structures appropriately, and the age of structures revealed by mapping is generally
poorly constrained. Furthermore, scarce quantitative information exists on the volumes and
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amounts of mud breccia potentially extruded by individual MVs. In the CAP, it remains largely
unclear if and how active the MVs are today and the timing of mud volcanism in the forearc
basin has only been constrained loosely to within the past few millennia. The higher-
resolution data available for Venere MV now allow to study the more recent and present-day
extrusive activity, possibly representative of the past. Furthermore, potential interactions
between Venere MV and a submarine canyon can be investigated. In the second manuscript,
individual mudflows are identified on the AUV-derived bathymetry and backscatter data of
Venere MV and their ages are estimated based on the amount of overlying hemipelagic
sediment and the sedimentation rate, determined by sediment cores and tephrochronology.
This allows to develop a three-stage evolutionary model for Venere MV, involving also
processes in the surrounding submarine canyon, and to estimate volumes of extruded mud
breccia. The findings constrain for the first time the morpho-dynamic and spatio-temporal
evolution of surface structures observed at a deep-sea MV by AUV-based mapping. It
reveals a more recent history of mud volcanism at Venere MV than was previously assumed
based on only regional-scale investigations by other authors. The approximate volumes that
are derived for mud breccia extrusion and methane emissions are valuable additions to the
few estimates in previous literature.

iii) Study the structure and development of cold seeps along the ring fault system.

The seepage of hydrocarbon-rich fluids and the presence of gas hydrates can fuel
chemosynthesis-based benthic communities with high species richness in remote deep sea
areas. Little is known on these oases of life regarding their distribution and development
within and around MVs and the fluid migration pathways they are associated to. Cold-seep
structures, which are observed during visual investigations are often poorly documented and
lack spatial and temporal context to each other. In the CAP, evidence of cold-seep
ecosystems has been limited, but at Venere MV it is possible to study a large range of
morphologically different structures and to investigate how such features may have
developed. In the third manuscript, the structure and extent of cold-seep ecosystems around
the periphery of Venere MV are documented for the first time. High-resolution photomosaics
cover several entire structures and are complemented by ROV observations, analyses of
carbonate samples, and AUV-derived backscatter data. Based on observed differences
between the individual seep sites, the geological structure and biological colonization is
investigated. A conceptual model is proposed to explain the structures and their development
over different timescales. The results of this study expand previously existing models on the
self-sealing nature of cold seeps and highlight the previously unknown diversity of cold-seep
ecosystems and structures in the CAP.
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3.3. Open questions and aims of the preliminary studies

Additional results have been obtained and are presented in their preliminary stage including
tentative interpretations (Chapters 8 and 9). They aim to address the following aspects:

e Investigations on the MV distribution in the CAP

In the CAP, numerous MVs have been identified in the forearc basins and the inner pre-
Messinian prism but their distribution within the fold-and-thrust belt remains poorly
understood. Based on the obtained hydroacoustic data (bathymetry, backscatter, sub-
bottom), the structure and distribution of previously confirmed or potentially new MVs is
investigated. This work aims at a better understanding of MVs occurring along potential
tectonic structures, their diversity in shapes and sizes, and their potential role for fluid flow in
different morpho-structural domains of the CAP.

o Revealing the structure of a submarine mud breccia flow

Mud breccia extrusion by MVs is considered an important mechanism to transport fluids and
solids from the subsurface and across the seafloor. The visual appearance and structure of
such mudflows in the deep sea is largely unknown because seafloor investigations are often
carried out by hydroacoustic mapping and visual observations are limited to individual
images reported from ROV dives. This highlights a need for better visualization of MV
mudflows and their sites of extrusion. A photomosaic of the extrusion site at the western
summit of Venere MV was assembled and allows to investigate the surface morphology of a
fresh mudflow for the first time. The resulting dataset provides a starting point to potentially
unravel the way such mud-fluid-rock mixtures flow across the seabed and develop while
dewatering and degassing modify the morphologies.
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4.1. Detecting signs of seepage activity

A crucial part of cold seep investigations is the detection and localization of active gas
emissions. This can be achieved by high-frequency echosounder systems that
hydroacoustically ensonify the water column and reveal gas bubbles in the water column as
flares (high backscatter signatures) resulting from the impedance contrast between the water
and the free gas (Klaucke et al., 2006; Nikolovska et al., 2008; Rémer et al., 2012a).
Hydroacoustic multibeam echosounder (MBES) systems mounted on the hull of research
vessels or deep-towed sidescan sonars are efficient tools to systematically map large study
areas for bathymetry and seafloor backscatter (Fusi and Kenyon, 1996; Sahling et al., 2008b;
Ceramicola et al., 2014b; Rdémer et al., 2017). Flares occurring in close association with high
backscatter patches have proven reliable indicators of cold seep carbonates, associated
fauna or free gas / gas hydrates just underneath the seafloor (Klaucke et al., 2006; Rémer et
al.,, 2014). Mud breccia extrusion from submarine MVs leads to the emplacement of
mudflows visible in morpho-bathymetric and backscatter data of the seafloor, but over time
the mudflows are buried by marine sedimentation as well as subsequent mudflows. Whereas
mud breccia buried to depths of several hundred meters can be investigated by drilling
(Robertson et al., 1996) or seismic surveys (Perez-Garcia et al., 2009; Praeg et al., 2009), at
meter-scale depths they may be sampled by coring (Cita et al., 1981; Gennari et al., 2013) or
mapped based on their elevated intensities in acoustic backscatter compared to surrounding
sediments (Volgin and Woodside, 1996; Paull et al., 2015b).

Of particular interest are studies, which have revealed changes in seabed morphology
related to MV activity by repeatedly mapping the same seafloor area (Foucher et al., 2010;
Feseker et al., 2014). This requires state-of-the-art MBES technologies capable of mapping
at meter-scale resolutions in contrast to the surveys conducted at tens of meters resolution
by MBES systems mounted on the hull of research vessels. High-resolution surveys are
increasingly possible through MBES systems mounted on AUVs or ROVs (Wynn et al., 2014;
Paull et al., 2015a). In addition to documenting mud movements at MVs (Feseker et al.,
2014), they have also lead to significant improvements in the understanding of the
distribution of gas release sites around cold seeps (Korber et al., 2014; Rémer et al., 2014),
or of different mechanisms of mud breccia extrusion at MVs (Dupré et al., 2008; Paull et al.,
2015b). However, complete surveys of submarine MVs that are supported by geological
samples are scarce.

Access to and sampling of deep-sea cold seeps or mud volcanoes in remote localities,
requires specialized tools and techniques such as ROVs and autoclave systems for fluid
sampling under in-situ pressure, but also conventional tools such as sediment corers or
conductivity-temperature-depth (CTD) probes. The results and conclusions presented in this
work utilized a multi-method approach. This chapter will give an overview of general
methodical principles focusing specifically on hydroacoustic data obtained by ship- and AUV-
based surveying and ROV-based photo mosaicking. Details for all geological, geochemical,
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and additional geophysical analyses carried out in context of the main manuscripts, are
provided in the respective methods sections of each of the manuscripts. Additional
information of more technical nature have previously been summarized in the cruise reports
(M112: Bohrmann et al. (2015) and POS499: Bohrmann et al. (2016), available online at
www.marum.de).

4.2. Hydroacoustic investigations

In this work, systematic hydroacoustic surveys by MBES were used to obtain bathymetry and
backscatter maps of the seafloor across the CAP and to investigate the water column for
potential flares by a ship-mounted system (Kongsberg EM122 operating at 12 kHz). In
addition, an AUV-mounted system (MARUM AUV SEAL 5000 with a Kongsberg EM2040
operating at 300 kHz) was utilized to survey at 80 m above seafloor at Venere MV.

Echosounders emit acoustic waves at a specific frequency that are reflected from the
targeted seafloor. Whereas the bathymetry (i.e. a depth value for a target-point below the
vessel) is derived from the traveling time and phase, the backscatter intensity results from
the amplitude (i.e. the amount of energy) of the returning waves. The resolution of both
bathymetry and backscatter are strongly dependent on the frequency of the system and the
water depth in which the system operates (Lurton and Lamarche, 2015).

The backscatter signal for any targeted seafloor can be compared to the reflective character
of an object relative to incident light captured during the opening and closing of a shutter in
the lens of a photographer. The backscatter signal represents an opto-acoustic record,
averaged over time and across the footprint area of the beam (Lurton and Lamarche, 2015).
In addition to the frequency, the backscatter signal (typically reported in dB) depends on the
signal attenuation in the water column and sediments because it penetrates the seafloor to a
certain degree (Fig. 4.1, left). This implies that also the physical composition of the seafloor,
including surface rugosity and sediment properties, affect the returned backscatter intensity
(Mitchell, 1993; Klaucke et al., 2010). Fig. 4.1 illustrates that the backscatter intensity of a
buried, highly-scattering surface that is targeted by a high-frequency signal (300 kHz), is
more strongly attenuated than a low-frequency signal (12 kHz) by the same overlying
sediments.

46 Markus Loher



4. Methods and approaches

10001
EM2040
1004 (300 kHz)
Acoustic =
W= £ jolEm122
Water i (12 kHz)
Sediment 5 11
(attenuation) =
Height =
o 5 0.4
<
Highly-scattering surface 0.017
0.0014 :
1
0.0001

1 10 100 1K 10K 100K 1M
Frequency (Hz)

Fig. 4.1. Left: A highly-scattering (e.g. irregular and hard) surface overlain by attenuating soft sediment. The
soft sediment reduces the intensity of the returned backscatter signal in proportion to its thickness (height)
and in proportion to the attenuation rate (dB/m); Right: Plot of attenuation rates for different signal
frequencies; the attenuation of a low frequency signal, such as the EM122 (mounted on the hull of RV
METEOR), in soft sediment is much lower compared to the high-frequency signal of the EM2040 (mounted
on the AUV utilized in this work); both figures modified after Mitchell (1993).

High backscatter intensities have been found associated to a range of irregular seafloor
substrates including rock outcrops, carbonate hardgrounds, clast-rich mud breccia, and
sediments charged by gas bubbles or even gas hydrate (Volgin and Woodside, 1996;
Klaucke et al., 2006; Buerk et al., 2010; Eason et al., 2016). In contrast, soft hemipelagic
sediments and strongly fluidized sediments such as in brine pools typically return lower
backscatter intensities than the surrounding sediments (Woodside and Volgin, 1996; Sahling
et al., 2009). Geological sampling (e.g. by sediment cores or ROV samples) is required to
ground truth backscatter patterns before reliable interpretations of the observed structures
are possible (Vogt et al., 1999).

The backscatter of a highly-scattering surface that is exposed at the seafloor decreases in
intensity with increasing burial by sediments (Fig. 4.2). Such a behavior has been observed
in cases where the seafloor was affected by fluid seepage and caused authigenic carbonate
precipitation and biological activity, e.g. in the Congo Basin (Gay et al., 2007). Similarly, it
has been possible to characterize progressively older mud breccia deposits at several MVs
in the Eastern Mediterranean (Zitter et al., 2005).
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Fig. 4.2. Sketch illustrating the effect of increasing burial over time for the backscatter intensity (relative
scale scale) of seep-influenced seafloor (i.e. highly-scattering carbonates and mud breccia deposits from a
MV). Whereas the low-frequency signal (ship-derived backscatter) can reveal the subsurface up to several
meters, the high-frequency signal (AUV-derived) is typically attenuated after several centimeters already but
allows to differentiate younger deposits at a finer scale; modified after Gay et al. (2007).

For the manuscript presented in Chapter 6, a combination of hydroacoustic data and
sedimentological ground truthing allowed a novel approach to investigate the activity of
mudflow extrusions at Venere MV. A large number of mudflows was identified based on
morphology and backscatter at Venere MV and the amount of hemipelagic sediment
overlying the mud breccia could be systematically determined by sediment coring (Fig. 4.3).
Based on the sedimentation rate it was possible to estimate the ages of emplacement (i.e.
the onset of sedimentation on top) of individual mudflows and thus constrain the MV activity.
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Fig. 4.3. Cartoon of a simplified, cone-
shaped MV in backscatter map view (white
arrow indicates flow direction from summit)
and a group of stacked mud breccia deposits
(1-3) shown in profile A-B in lower part. The
study approach is to target each of the
successive mudflows identified in
backscatter data by a sediment core (white
dots on profile line A-B) with the aim of
investigating the amount of hemipelagic
sediment overlying each mudflow.
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4.3. Seafloor photo mosaicking

Understanding the overall structure of a cold-seep site can be challenging, given that the
visibility in deep-sea is limited to the range of the ROV video cameras and lighting
capabilities. More importantly, scientific findings in previously unexplored areas such as
newly discovered cold seeps require visual documentation by video or photographic footage.
Visualization of extended areas of the seafloor can be achieved by assembling several
overlapping seafloor photos into a larger image referred to as a photo mosaic.

Photographic datasets for several photo mosaics were obtained during M112 during
dedicated dives performed by MARUM ROV QUEST 4000m. The ROV moved in parallel
lines (with one crossing-line for image rectification) and utilized a downward looking camera
dedicated to photo mosaicking (Prosilica GT6600C). The ROV was set to fly at a constant
elevation (1-5 m depending on coverage of each mosaic) above the seafloor to avoid strong
image distortions. For the mosaic assembly a MATLAB toolbox called “Large Area Photo
Mosaicking” (LAPM; (Marcon et al., 2013)) was utilized. This tool facilitates handling of large
amounts of photos, allows the user to either employ an automated or manual detection of
seafloor features (Fig. 4.4), and computes georeferenced mosaic tiles for direct import into a
geographic information system (GIS).

th:l matches Dpu ent matches otk = seecilos S Save changos
gvmk d\e\\k( selected link only)

Image 232: M112-D344_20141201_094459603_232.jpg Image 582: M112-D344_20141201_104539561_582.jpg

Fig. 4.4. The interface of the LAPM tool (Marcon et al., 2013) to detect and match seafloor features (green
lines) on images obtained by a downward-looking camera as used during this work; these two images are
part of a photomosaic of almost 700 pictures showing a recent mudflow at Venere MV (see Chapter 8).
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5.1. Abstract

The Calabrian accretionary prism hosts a province of mud volcanoes, but little is known
about their present-day activity, fluid sources or discharge mechanisms. Here we investigate
Venere mud volcano, located at ~1600 m water depth in the Crotone forearc basin using
hydroacoustic data acquired from a research vessel and an autonomous underwater vehicle,
combined with seafloor data from a remotely operated vehicle, gravity and pressure cores.
We show Venere mud volcano to be characterized by gas release from its summit and from
peripheral sites that align with inward-dipping ring faults. At the summit, fresh mud breccia is
up to 13 °C warmer than background sediments, and contains thermogenic hydrocarbons
(methane 3"Cmean = —38.6%0 V-PDB and 8Dmean = —146.2%0 V-SMOW) and pore waters
depleted in chloride by up to five times ambient sea water values. These data are indicative
of thermogenic organic matter degradation and mineral dehydration reactions and point to
fluid sources at >3.5 km depth, i.e. below the forearc basin fill within the accretionary prism.
Chemosynthetic communities are absent along fresh mudflows, despite methane
concentrations that are 2.7 times above saturation values. Contrastingly, methane depleted
in C (8"Cmean = —47.1%0 V-PDB and 8Dmean = —172.9%0 V-SMOW) is emitted at the
peripheral seeps which drives authigenic carbonate formation and sustains chemosynthetic
ecosystems. However, neither mud breccia nor freshened fluids occur at these sites. We
propose a conceptual model of an upward-branching plumbing system beneath the mud
volcano in which a main conduit drives focused mud breccia extrusion and peripheral gas is
released by dispersed flow along ring faults. We infer that coeval mud breccia extrusion,
caldera collapse and hydrocarbon discharge at peripheral seeps are maintained by high
subsurface pressures. Such a system may be generally applicable with implications for the
distribution of chemosynthesis-based seafloor ecosystems around submarine mud volcanoes.

5.2. Introduction

Mud volcanoes (MVs) are geological structures created by the extrusion of sediments, water,
and gases from a subsurface plumbing system that may extend to depths of kilometers. MVs
are considered windows to the deep, as the composition of jointly expelled fluids and solids
(called mud breccia) provide information on processes of crustal dewatering, hydrocarbon
generation, and diagenesis. Mud volcanoes occur in a variety of plate tectonic settings, but
are most common along convergent margins within accretionary wedges (Higgins and
Saunders, 1974; Dimitrov, 2002; Kopf, 2002; Hensen et al., 2004; Pape et al., 2014; Hensen
et al., 2015). Even though the estimate of up to 10° submarine MVs outnumbers their
onshore counterparts by up to two orders of magnitude (Milkov, 2000; Dimitrov, 2002), much
of what we know regarding the processes of mud volcanism is based on studies of terrestrial
MVs (Higgins and Saunders, 1974; Kopf, 2002) and less is known about the mechanisms
leading to their formation on the seafloor and their impact on seafloor ecosystems.

Mud volcanism is episodic, whereby mud breccia outflow events can build extrusive edifices
of up to several hundreds of meters in height and up to kilometer-scale widths (Kopf, 2002;
Praeg et al., 2009; Kioka and Ashi, 2015; Mazzini and Etiope, 2017). Observations of
terrestrial MVs suggest that, during longer quiescent phases, the activity of MVs is restricted
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to secondary fluid pathways that expel mud and fluids at parasitic cones (<10 m high),
gryphons (mud cones <3 m high) or salses (fluid-mud pools and gas seeps) (Planke et al.,
2003). These features may be linked to extensional faults within the extrusive edifice, in
some cases defining sub-circular calderas thought to result from post-eruptive subsidence
(Evans et al., 2008; Mazzini et al., 2009b; Roberts et al., 2011a).

Submarine MVs are typically associated with hydrocarbon seepage, often with the presence
of shallow gas hydrates (Stadnitskaia et al., 2008; Feseker et al., 2009b; Pape et al., 2010;
Pape et al., 2011b), and are known to sustain chemosynthesis-based seafloor ecosystems
(Suess, 2014). Advances in hydroacoustic imaging technologies and the use of autonomous
underwater vehicles (AUVs) broaden our capabilities in identifying and investigating seafloor
seep sites, which have in turn improved our understanding of submarine MV activity (Dupré
et al.,, 2008; Foucher et al.,, 2010; Paull et al., 2015b), pockmark growth mechanisms
(Marcon et al., 2014a; Sultan et al., 2014), and hydrocarbon seep ecology (Sahling et al.,
2016). Remarkably little is known about the subsurface fluid migration pathways that control
cold seep activity, the nature of fluid sources (i.e. deep vs. shallow), and the discharge
volumes of volatiles within and around submarine MVs. Characterizing the composition of
fluids discharged at MVs provides valuable insights into these outstanding issues as well as
into the hydrogeological processes that drive mud volcanism and which occur at depths not
readily accessible for direct sampling.

The eastern and central Mediterranean region hosts an exceptionally high density of MVs,
the majority of which are located within the accretionary wedges of the Africa-Eurasia
subduction zone (Calabrian accretionary prism, Mediterranean Ridge, Anaximander
Mountains) and the Nile deep sea fan (Fig. 5.1a; (Mascle et al., 2014)). On the
Mediterranean Ridge accretionary wedge mud breccia were first cored by Cita et al. (1981).
At the Olimpi MV field, scientific drilling (Robertson et al., 1996) later revealed the mud
breccia discharge processes (Kopf et al., 1998) and attributed a fluid source depth to ~3.5-7
km (Dahlmann and De Lange, 2003). In the Anaximander Mountains region the presence of
shallow gas hydrates, was attributed to gas release at MVs and as such these deposits are
prone to decomposition during eruptive phases of mud volcanism (Woodside et al., 1998;
Lykousis et al., 2009; Pape et al., 2010). Investigations of MVs in the Nile deep sea fan
revealed a variety of extrusive processes (Dupré et al., 2007) including mud outflows and
fluid seepage at submarine brine pools (Huguen et al., 2009; Dupré et al., 2014), used to
infer migration from below and through fault-ruptured Messinian evaporite layers (Dupré et
al., 2014). In the majority of MV provinces in the eastern Mediterranean, however, Messinian
salt deposits are thought to act as seals to fluids ascending from depth so that MVs
predominantly occur where salt deposits are absent, thin, or so far undetected in seismic
data (Mascle et al., 2014).

In the central Mediterranean Sea, the inner Calabrian accretionary prism (CAP) has been
shown to host a province of at least 54 extrusive features, most associated with seafloor
backscatter signatures interpreted to indicate extrusive activity over the last glacial to
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interglacial cycle (Ceramicola et al., 2014b). This includes Venere MV which lies in the
Crotone basin (Fig. 5.1b) at ~1600 m of water depth along the axis of the Squillace Canyon
(Fig. 5.1c). Gas-bearing sediments, visual observations of localized mud outflows, and a core
containing tubeworms, provided the first indications of recent fluid and mud release on the
CAP (Foucher et al., 2009).

MVs in the inner CAP are argued to have been erupting since ca. 3.5 Ma (early Pliocene),
based on seismic profiles across two MVs associated with buried extrusive edifices over 1
km thick that interfinger with the upper part of the Plio-Quaternary succession and occupy
subsidence depressions in lower Pliocene and older strata depressions (Praeg et al., 2009).
Mud breccia from these and two other MVs contain material derived from strata ranging in
age from Recent to as old as Late Cretaceous, indicative of fluid sources deep within the
accretionary prism (Morlotti et al., 1982; Praeg et al., 2009; Panieri et al., 2013).

In this study we examined mechanisms of fluid seepage in relation to mud volcanism on the
CAP, focusing on Venere MV. We considered hydroacoustic water column data, high
resolution seafloor bathymetry, ROV observations, and samples of sediment and fluids
obtained during campaigns in 2014-2016 (Figs. 5.1-3). Morphological and geochemical
analyses of these data as well as direct seafloor observations allowed us to identify on-going
seafloor extrusive activity and gas discharge from Venere MV and to obtain the first available
information on the composition of fluids rising from sources within the CAP. We recognized
distinct expressions of fluid discharge mechanisms at the summit versus surrounding ring-
faults and linked them to the shallow plumbing system beneath Venere MV. Our findings
support a conceptual model of coeval extrusion, faulting and gas seepage, in which
subsurface fluid migration pathways are linked to different expressions of seafloor fluid
discharge and ecosystem distribution.

5.3. Geological setting

The present-day CAP in the central Mediterranean Sea (Fig. 5.1a) results from the NW
subduction of the African plate below the Eurasian plate during the Neogene and was
associated with rapid SE rollback of an lonian lithospheric slab (Malinverno and Ryan, 1986;
Gueguen et al., 1998). The CAP can be divided into an external (post-Messinian) wedge that
hosts evaporites and an internal (pre-Messinian) wedge, that is overlain by forearc basins
(Spartivento-Crotone basins) containing up to 2 km of sediment (Fig. 5.1b; (Rossi and Sartori,
1981; Minelli and Faccenna, 2010; Polonia et al., 2011; Ceramicola et al., 2014b; Gutscher
et al., 2017)). The inner pre-Messinian wedge is composed of accreted Mesozoic-Cenozoic
units overlain by forearc basins; these are exposed onshore in southern Calabria and date
back to the middle Miocene (late Serravallian; (Roda, 1964; Rossi and Sartori, 1981; Zecchin
et al.,, 2015)). Messinian deposits including evaporites occur within the onshore Crotone
forearc basin (Roda, 1964; Zecchin et al., 2003) and in nearshore wells (Capozzi et al.,
2012). Seismic reflection profiles indicate stratified Messinian deposits locally up to 500 m
thick within the offshore basins (Minelli and Faccenna, 2010), and diapir-like structures (Fig.
5.1b). The diapir-like structures were originally interpreted as halokinetic (Rossi and Sartori,
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1981), but have been reattributed to shale mobilization from sub-Messinian intervals
(Capozzi et al.,, 2012). The onshore Calabrian domain experienced rapid regional uplift
during the late Pleistocene (Westaway, 1993), attributed to a tectonic reorganization ca. 0.8-
0.5 Ma (Goes et al., 2004; Mattei et al., 2007) that affected the Crotone basin at ca. 0.45-0.4
Ma (Zecchin et al., 2011). Several canyon systems extend into the Crotone and Spartivento
basins, incising the Calabrian-lonian margin and creating retrogressive canyon head erosion,
mass wasting processes and slope instabilities that constitute a potential geohazard for
coastal areas (Morelli et al., 2011; Ceramicola et al., 2014a).
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Figure 5.1. Maps of the study area; a: Location of Venere mud volcano (MV; star) in the Calabrian
accretionary prism (CAP) relative to plate boundaries (red lines) with main mud volcano provinces (light
grey shading, after Mascle et al. (2014)) in the eastern Mediterranean Sea (Med. Ridge = Mediterranean
Ridge MVs, A = Anaximander Mountains MVs, NDSF = Nile Deep Sea Fan MVs); b: Topography of Italy
(Ryan et al., 2009) and seafloor bathymetry (available at EMODnet, http://www.emodnet.eu/bathymetry)
with morpho-structural zones of the CAP (CE = Calabrian Escarpment) and boundaries after previous
interpretations, for references see text), locations of selected MVs (V = Venere MV, Mdl = Madonna dello
lono MVs) after Ceramicola et al. (2014b), modified based on investigations during M112, and locations of
shale diapirs (after Capozzi et al. (2012)); c¢: Map view of Venere MV in Squillace Canyon using
autonomous-underwater-vehicle-based bathymetry draped over ship-derived bathymetric data (see box in
b) for location); d: Close-up of c) (see box for location) with inset of the extrusion site of the most recent
mudflow at the western summit, red stars mark the flare locations at Sites 1, 2, 4, 5 and near the western
summit (Site 3), numbers indicate the last two GeoB identifiers of all sampling locations (s. Table 5.1 for
detailed information).
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5.4. Data and methods

Multi-disciplinary investigations of Venere MV were undertaken in 2014 and 2016 during R/V
METEOR cruise M112 (Bohrmann et al., 2015) and R/V POSEIDON cruise POS499
(Bohrmann et al.,, 2016). Swath bathymetry data were collected using two Kongsberg
multibeam systems, a ship-borne EM122 (12 kHz) in 2014 and an EM2040 (300 kHz) carried
by the autonomous underwater vehicle (AUV) MARUM-SEAL 5000 in 2014 and 2016. Data
were processed with MB-System (Caress and Chayes, 1996) and AUV-based data gridded
to 1.6 m lateral and 0.1 m vertical resolution.

Cores (Table 5.1) of shallow sediments were acquired using both a conventional gravity
corer and the Dynamic Autoclave Piston Corer (DAPC), that allowed for retrieval of cores
under in-situ pressure (Abegg et al., 2008). Seafloor observations, sediment sampling with
push cores and collection of gas bubbles in the water column were conducted using the
remotely operated vehicle (ROV) MARUM QUEST 4000m during M112 (Bohrmann et al.,
2015). Sediment temperatures were repeatedly measured at the western summit using
miniaturized temperature data loggers (MTLs by ANTARES Datensystem GmbH in Germany)
attached to a 5 m gravity core barrel. At peripheral seeps (Sites 1, 2, 4 and 5; Fig. 5.1d) as
well as at the western summit (Fig. 5.1d), in-situ temperatures were measured with a 60 cm
long probe (T-stick; RBR Ltd., Canada), inserted vertically into the sediment using the ROV
(Feseker et al., 2012). Conductivity, temperature, and depth (CTD) measurements were
recorded above each site by a Sea Bird Electronics SBE9plus probe.

Pore fluids were extracted from gravity cores and push cores (Table 5.1) using rhizon
samplers. Sulfate and chloride concentrations were determined by ion-chromatography (“882
Compact IC plus 1” by Metrohm on a “Metrosep A Supp 5” column) with an analytical error
below 0.4 % for both anions. Hydrocarbon data (Table 5.1) was generated from sediment
retrieved by gravity coring using standard headspace techniques; from gas bubble sampling
under in-situ pressures over the seeps using the ROV (Fig. 5.3c); and from the DAPC. Gas
compositions and stable carbon and hydrogen isotope ratios were analyzed, as described in
Roémer et al. (2012a). Repeated analyses of standards gave a reproducibility for C1/Co+ ratios,
stable carbon and hydrogen isotope ratios <2 %, 0.5 % and 1 %, respectively.

The gas hydrate phase boundary (Fig. 5.4a—c) was calculated with the program HWHYD
(Masoudi and Tohidi, 2005). We used the molecular compositions of gases sampled in the
mud breccia (western summit, near Site 3) and of free gas (bubble collection at peripheral
seeps, Sites 1, 2, 4 and 5) as well as salinities of 10 PSU (freshened pore water values in
fresh mud breccia) and 38.5 PSU (bottom water values at peripheral seeps, Sites 1, 2, 4 and
5). To determine the base of the gas hydrate stability zone (BGHSZ) temperature gradients
(Table 5.1) were calculated from measured sediment temperatures and averaged gradients
were used at sites where repeated measurements were carried out.
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Table 5.1. Names, locations (WGS84), and water depths, of sample stations used in this study, together
with results for gas chemistry (hydrocarbon composition, stable carbon isotopy, stable hydrogen isotopy),
geothermal gradients, and pore water samples (full data available in supplementary data tables of Chapter
13.1); DAPC = Dynamic Autoclave Piston Corer, GBS = Gas bubble sampler; GC = Gravity corer; TS = T-
stick; GC-HF = Gravity corer with T-loggers; PC = Push corer.
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Gaschemigry

W gter
GeoB-Mo.  Tool Lat fM LonfE depth Site o &3 (% G0 (e
(m) T OwpDE)  VEMOW)

192571 DAPC 38°37.095 171604 1561 Seep, Site 1279 49 -170.6
19224-2 GBS 3836096 17™2571' 1585  Seep, Site 2 489 457 -170.1
19249-5 GBS 38°39.429 17™M1.960"° 1608 Seep, Site 4 1216 467 -176.0
19240-2 GBS 38735458 17™M2022 1607  Seep, Site 5 127 472 -1750
192511 DAPC 38°36.452 17™11 224" 1497 ‘VenereW Summit (92 -85 -141 B
192451 GO 38°36 455" 17V™M1.223F 1496 “enereW Summit |- -37 2 -153.8
192658-1 DAPC 38736450 17™11 282 1500 Mudfow 103 -1 1 -150 .4
192871 DAPC 38°36.394" 17™1.361" 1516 Mudfow 4 -36 6 -142 6
19263-1 GO 38°36. 448" 17™1.282 1500 Mudfiow - 41 3 -149.3
19276-1 GO 358°36.393" 17™1.348 1516 Mudfiow - -36 6 -137.3
192371 GO 38°35930" 17™1.828 1594 Mudfiow - -7 8 -148 .5

Temperature gradient
19202-2 TS 38°37.084 17™M1593 1567  Seep, Site 0.01 “Cin
1924-3 TS 38°37.095 AT BO02 1568  Seep, Site 016 °CHn
1922-5 TS 38°37.084 1¥™1600 1567  Seep, Site 0.20°CHn
19230-3 TS 38°37.085 17™1603 1568 Seep, Site 0.31 °Cin
19230-10 TS 38°37 102 17™M1630 1567 Seep, Site 1 Q.06 “Cin
192677 TS 38°36100 17¥™2564 15896 Seep, Site 2 018°CHn
19240-4 TS 38°35457 AT™M2021 1607 Seep, Site 445 018°Cin
19248-3 TS 38°35454 17™M2020 1607 Seep, Site 445 0.22°CHm
192424 TS 38°36.453 17™M1.223 1499 Venere W summit 1492 °Cim
192427 TS 38°36453 17™M1.223 1498 Venere W zummit 1539 °Cim
1924213 TS 38°36.454 7M1 225 1499 Venere W zummit 14 66 " Cim
19242-16 TS 38°36.457 AV™M1.226 1500 Yenere W summit 15.54 °Cim
19245-2  GC-HF 38°36452 17*11.221 1500  ‘venere W summit 273°CHm
19245-3  GC-HF 38°36432 17™1.223 1495 ‘venere W summit 251 °Cm
19245-4 GC-HF 38°36454 17™11 226 1485  ‘venere W summit 1.96°CH

Pore water
19230-5  PC 38°37.095 17"11 609" 1567 Seep, Site 1 = supplementary data
19236-1 G 38°37.094" 171 605" 1557 Seep, Site z. supplemerntary data
18267-4 PC Jaa6 100 17¥™M2563 1596 Seep, Sie 2 = supplemerntary data
192497 PC 38735429 171959 1B0E8  Seep, Site 4 = supplementary data
18924010 PC 3830486 17™M2.074" 1608 Seep, Site S = supplemerntary data
19242-6  PC 38736453 17™11.223 1493 NenereW zummit |s supplementary data
1924210 PC 3836 463" 17™1.247 1502 Nenere'W summit |2 supplemerntary data
1824211 PC 3836460 17™1.243" 1502 MNenere'W summit |2 supplemerntary data
1924214 PC 3836454 17™1.225" 1499 Nenere'W summit |3 supplemerntary data
1924217 PC 3836456 17™11.227 1500 NenereW zummit s supplementary data
192451 GO 38°36.455" 17™M1.225" 1496 Venere'W summit |z supplemerntary data
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5.5. Results

5.5.1. Seafloor structures at Venere MV

Systematic hydroacoustic surveys during November and December 2014 (cruise M112) were
performed across at least 50 of the extrusive features recognized by Ceramicola et al.
(2014b) in the CAP, but encountered evidence of gas emissions into the water column (gas
flares) only at Venere MV. This MV consisted of an eastern and a western cone located
~1200 m apart (Fig. 5.1d+Fig. 5.2a+b). Repeated hydroacoustic surveys over 31 days during
M112 revealed temporally variable but generally persistent gas discharges from five sites:
one slightly below the western summit (Site 3) and four peripheral to the MV cones (Sites 1,
2,4, and 5; Fig. 5.2a+b).

AUV-based bathymetry data revealed that both cones of Venere MV were cut by concentric
sets of inward-dipping scarps (Fig. 5.1d + Fig. 5.2a+b), visible as discontinuous
morphological steps of 1 to >40 m and dips of 18—45°; both the relief and depth were greater
in the east. The scarps defined a circular feature centered ~700 m SE of the western summit
that offset seafloor features, including the eastern cone. These scarps are interpreted as
extensional ring faults, defining a caldera up to 3 km in diameter. The locations of the four
peripheral gas flares coincided with surface traces of the ring-fault system (Fig. 5.1d + Fig.
5.2). At the summit of the western cone (~1520 m water depth), the AUV bathymetric
imagery showed mudflows to extend down the southern flank (Fig. 5.1d + Fig. 5.2a+b), for
horizontal distances of up to ~1600 m from the summit (Fig. 5.1d+Fig. 5.2a+b). The
mudflows formed elongate ridges (10-50 m wide) including subparallel furrows (up to 1 m
deep) that formed prominent lobes where they spread out at the foot of the slope (~1620 m
water depth). Smooth mudflows and lobes were observed at the eastern summit, where
gravity coring revealed mud breccia draped by several decimeter of hemipelagic sediment
cover.

ROV observations and sampling at the western summit identified the presence of fresh mud
breccia flows that lacked the sedimentary cover present in areas adjacent to the most recent
central mudflow (Fig. 5.3a). The extrusion site of these fresh mud breccia flows was
observed at the top of the summit as a slightly elevated horseshoe-shaped feature about 3 m
across with a central depression (Fig. 5.3b). ROV surveys of the mudflows at the western
summit encountered no macroscopic indications of chemosynthetic communities (Fig.
5.3a+b). In contrast, ROV explorations of the four peripheral seeps (Sites 1, 2, 4, 5)
confirmed sites of gas bubble emissions, settled by chemosynthetic organisms and
surrounded by mounds and pavements of authigenic carbonate several decimeters thick (Fig.
5.1ct+d+e).
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Figure 5.2. Bathymetry derived from autonomous underwater vehicle surveys showing perspective views of
Venere MV (a: to NW; b: to ESE) and water column gas flares (red to yellow colors) extracted from
hydroacoustic data. Hydroacoustic flares up to 260 m high are arranged along the periphery (Sites 1, 2, 4,
5). The most recent mudflow originates from the western summit and extends down to the caldera floor. In
a), note the twin cones (E+W summit), ~1200 m apart, each up to 100 m high; in b), note that the ring faults
are higher along the flanks of the eastern than the western cone.
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Figure 5.3. Seafloor photographs; a: ~10 m long transect across fresh (right) vs. older (left) mud breccia
flows draped by hemipelagic sediments near the western summit (see inset of Fig. 5.1d for location); b:
western summit of Venere MV showing elevated extrusive center at the origin of the most recent mudflow
(see inset of Fig. 5.1d for location); c: authigenic carbonate crusts, cold-seep communities and sampling of
gas bubbles at a peripheral seep (Site 5); d: tubeworm colony rooting in a fracture of authigenic carbonate
crust at a peripheral seep (Site 1); e: cold-seep community and thick authigenic carbonate pavement at a
peripheral seep (Site 1).

5.5.2. Mud breccia, gas, and fluids from the western summit of Venere MV

The mud breccia flowing down the western cone was characterized by mousse-like sediment
textures resulting from gas bubbles within the mud, abundant gas pockets and decimeter-
sized rock clasts. At the extrusion site on the western summit temperatures above 20 °C
were repeatedly measured already <0.5 m below seafloor. The highest overall recorded
temperature at the extrusion site was 26.8 °C, measured 30 cm from the tip of a 5 m gravity
core barrel (GeoB19248-2), compared to an average of 13.8 °C for bottom water
temperatures (Fig. 5.4a+b). Cores collected under pressure yielded 41.3 L of gas from the
11220 cm? of sediment retrieved, which translated to a volumetric gas-sediment ratio of 3.68.
In addition to methane (C+), heavier hydrocarbons such as ethane, propane, butane (C.4)
and pentane (Cs) were detected in gas samples from the mud breccia. The ratio of methane
to higher hydrocarbons (C1/Cz+) in gas samples from the mud breccia ranged between 79
and 103 (Table 5.1). Assuming that methane (CH4) constitutes 98.5 vol-% of the total gas
released from the pressure core and using an average sediment porosity of 0.5 (determined
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in samples from gravity core GeoB19245-1), the calculated average CH4 concentration was
321.44 mmol/L pore water. This CHs concentration is about 2.7 times higher than the
calculated in-situ CHs solubility (120.18 mmol/L pore water; temperature (T) at 2 meters
below sea floor (mbsf) = 31.33 °C; salinity (S) = 10 psu). The stable carbon isotopic
composition of the methane (5'*C-CH.) ranged between —36.6 and —41.3%. V-PDB (mean
value of —38.6%0 V-PDB) and the stable hydrogen isotopic composition of the methane (&D-
CHy4) between —137.3 and —153.8%0 V-SMOW (mean value of —146.2%. V-SMOW; Table 5.1;
Fig. 5.5a+b).

At the extrusion site on the western summit, fluids extracted from push cores in mud breccia
outflows contained chloride concentrations that decreased in the upper 14 cm from ambient
bottom water values of 618 mmol/L to as low as 128 mmol/L (Fig. 5.6a+b). Gravity core
GeoB19245-1 from the extrusion site confirmed that low chlorinity fluids (lowest value of 125
mmol/L) extended down to 5 mbsf. In the area of Site 3 (Fig. 5.1d) no distinctive gas
emission site was found and thus no seep-related sediments were sampled.

5.5.3. Gas emissions at peripheral seeps of Venere MV

Pore fluid samples obtained from peripheral seeps (Sites 1, 2, 4 and 5, Fig. 5.1d) had
chloride concentrations close (<25 mmol/L difference) to bottom water values, to depths up
to 2 mbsf (Fig. 5.6a). At all these sites we observed chemosynthetic macrofauna and
abundant crusts of authigenic carbonates (Fig. 5.3c+d+e), indicative of a shallow zone of
anaerobic methane oxidation, consistent with measured steep sulfate gradients and sulfate-
methane transition at depths of <25 cm (Fig. 5.6b). The discharged gas at peripheral seeps
(composed primarily of methane and ethane with trace amounts of butane and pentane, but
lacking propane) had C+/C». ratios of 889—-1216, while 8'*C-CH4 and dD-CH4 ranged from —
46.7 to —49.0%0. V-PDB (mean value of —47.1%. V-PDB) and from —170.1 to —176.0%0 V-
SMOW (mean value of —172.9%. V-SMOW), respectively (Table 5.1; Fig. 5.5a+b). Averages
of linear geothermal gradients (Table 5.1), obtained by repeated sediment temperature
measurements at peripheral seeps, ranged from 0.15-0.20 °C/m (Fig. 5.4c). Using these
gradients, the calculated base of the gas hydrate stability at the seeps could be located 8-10
m below the seafloor (Fig. 5.4a+c). Visual observations while sampling the seeps with the
ROV suggested the presence of small amounts of gas hydrate associated with seepage
along the ring faults.
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Figure 5.4. a: Calculated phase boundaries for structure | hydrates at Venere MV (mbsl = meters below sea
level), b+c: enlargements of diagram shown in (a) with black stippled lines marking the base of the gas
hydrate stability zone (BGHSZ) to define the gas hydrate occurrence zone (GHOZ), b) shows averaged,
linear geothermal gradient at the western summit of Venere MV, note the steep temperature gradient
indicating that gas hydrates are unlikely to be present at the summit (~0.3 m for GHOZ), c) shows
averaged, linear geothermal gradients for peripheral seeps (Sites 1, 2 and 4/5).
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Figure 5.5. Molecular hydrocarbon and methane isotope composition of samples from Venere MV summit
and mudflow (filled triangles) and peripheral seeps (circles, s. Table 5.1); a: Carbon-hydrogen diagram for
classification of microbial and thermogenic methane modified after Whiticar (1999); b: “Bernard” diagram of
C1/Ca+ vs. 8'3C-CHa, (Bernard et al., 1977), showing the thermogenic, microbial, and mixed domains as
proposed by Whiticar (1999).
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Figure 5.6. Pore water profiles of chloride (a) and sulfate (b) from gravity cores and push cores from both
the western summit of Venere MV (triangles) and peripheral seeps (circles). Red star shows bottom
seawater values of 618 mmol/L chloride and 32 mmol/L sulfate; mbsf = meters below sea floor.

5.6. Discussion

5.6.1. Mud breccia extrusion from Venere MV

Mud breccia extrusion from the western cone of Venere MV has resulted in mudflows that
extended over 1.6 km from the summit to a lobe at the foot of the cone (Fig. 5.1d + Fig. 5.2a).
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The structure of fresh mud breccia observed at the extrusion site (Fig. 5.3b) together with the
lack of sedimentary drape on the most recent mudflow (Fig. 5.3a) suggested ongoing
outflows. In-situ methane concentrations up to 2.7 times higher than CH4 solubility measured
in pressure cores indicated that a large fraction of the pore space in the fresh mud breccia
was occupied by gaseous methane, consistent with mousse-like sediment textures observed
in unpressurized gravity cores. Molecular compositions of hydrocarbons and isotopic
compositions of methane indicated a thermogenic origin for hydrocarbons transported within
the mud breccia of Venere MV (Fig. 5.5a+b; Whiticar (1999)); thermogenic hydrocarbons
remained prevalent even in cores of mud breccia that had flowed over 1300 m downslope
from the extrusion site (Fig. 5.1d, GeoB19237-1).

The sedimentary section of the offshore Crotone basin corresponds to at most 2 seconds in
two-way travel time (TWT) — i.e. no more than 2 km — based on isochron maps derived from
seismic data, with an estimated thickness of <1.5 km (<1.5 seconds TWT) at the location of
Venere MV (Ambrosetti et al., 1983; Gennesseaux and Winnock, 1993; Minelli and Faccenna,
2010). Formation temperatures range from ~70 °C for the early thermogenic hydrocarbon
generation to upwards of 150 °C for late thermogenic, methane-rich gas production systems
(Claypool and Kvenvolden, 1983; Quigley and Mackenzie, 1988; Hunt, 1996). The eastern
Mediterranean Sea is characterized by low heat flow from Tethyan crust, decreasing further
within the inner Calabrian accretionary wedge (Chamot-Rooke et al., 2005). Venere MV lies
midway between values as low as 0.013 °C/m offshore and 0.024-0.030 °C/m onshore
(Pollack et al., 1991). Assuming a linear geothermal gradient of 0.020 °C/m at the location of
Venere MV, the presence of thermogenic hydrocarbons in the outflowing mud breccia
suggested a hydrocarbon source located at least 3.5 km (for 70 °C) but potentially even >7.5
km (for >150 °C) below the seafloor. This depth range corresponds to empirically determined
burial depths for source rocks within the thermogenic window (e.g. Quigley and Mackenzie
(1988)). Our hydrocarbon data did not unravel, however, whether a pressurized reservoir
trapping these gases could exist at shallower depths (i.e. cooler temperatures) below Venere
MV. Nevertheless, our data indicated that even at minimum formation temperatures, gas
extruded within mud breccia at Venere MV was originally produced below the Plio-
Quaternary forearc basin, i.e. within the accretionary wedge itself. A similar approach to
estimate source depths of hydrocarbons is used by Pape et al. (2014), who investigated
hydrocarbons expelled at marine MVs of the Kumano forearc basin in the Nankai
accretionary prism and derived a comparable provenance for thermogenic hydrocarbons, i.e.
old accreted sediments below the forearc-basin fill. In addition, our estimated source depths
for thermogenic hydrocarbons at Venere MV, are consistent with evidence of upward
migration of thermogenic hydrocarbons within the CAP at the Luna field (Mattavelli and
Novelli, 1988). It is located in shallow water (<200 m) offshore Crotone, where isotopically
heavy (8'*C-CH. of —35%o), dry thermogenic gas (>99% methane) within a reservoir at 1600-
1750 m depth, is inferred to have risen from sources at >5000 m depth (Mattavelli and
Novelli, 1988; Roveri et al., 1992).
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Mud breccia flowing from the western summit of Venere MV are characterized by pore water
freshening (Fig. 5.6a). The magnitude of chloride depletion, and the concave-down shape of
the profiles revealed an upward advective aqueous component in the extruding mud, rather
than freshening associated with gas hydrate decomposition (e.g. Torres et al. (2004a)). This
was supported by sediment temperatures measured at the western summit, which translated
to an average geothermal gradient of 8.76 °C/m showing that, at >30 cm below seafloor, mud
breccia lies outside the gas hydrate stability zone (Fig. 5.4a+b). The pore water profiles were
instead consistent with the extrusion of mud breccia containing fresh fluids, while
concomitant steep sulfate gradients documented the advection of sulfate-depleted mud,
suggesting recent outflows (Fig. 5.6b). We interpret the pore-water freshening to indicate
fluid generation by mineral dehydration reactions, such as the transformation of smectite to
illite, which take place at temperatures between ~60 and 150 °C (Kastner et al., 2014). Given
the geothermal gradient of 0.02 °C/m (s. above), this temperature range translated to fluid
sources at km-scale depths, comparable to those of the thermogenic hydrocarbon source.
Pore-water freshening has also been observed in MVs in the Mediterranean Ridge,
examined by scientific drilling, and has been attributed to mineral dehydration during
smectite-illite transition at depths of 3.5—7 km, supported by oxygen isotopes in pore waters
and geothermal gradients (Dahimann and De Lange, 2003).

We infer that a combination of thermogenic gas production and water release by mineral
dehydration reactions, both taking place at km-scale depths within the CAP, contributed to
the generation of overpressures that drive the upward migration of mud, water and gas to the
seafloor. Additional driving forces for mud volcanism at accretionary settings typically involve
a combination of gravitational loading, i.e. overburden, and tectonic stress which may
increase pore pressures above hydrostatic and generate undercompacted conditions for
subsurface sediments and overpressured pore fluids (Higgins and Saunders, 1974; Brown,
1990; Kopf, 2002; Maltman and Bolton, 2003). The onset of mud volcanism on the CAP has
been proposed to be associated to a compressional tectonic stress field resulting from a
tectonic reorganization in the mid-Pliocene that caused the release of overpressures from
within the accretionary prism (Praeg et al., 2009). Fluids rising from depth have also been
speculated to account for diapir-like features within the forearc basins (Ceramicola et al.,
2014b), which seismic profiles suggest involve the mobilization of pre-Messinian shales
(Capozzi et al., 2012). In the Crotone Basin, thin (<200 m) Messinian evaporites have been
documented in onshore and nearshore wells (Capozzi et al., 2012), and suggested to be
present across the deep offshore basins on seismic reflection profiles (Minelli and Faccenna,
2010). However, our data clearly indicated Venere MV to be characterized by the extrusion
of mud breccia with freshened pore fluids, offering no evidence of interactions with Messinian
evaporites during their rise from depth. One possibility is that Messinian deposits, if present
in the sedimentary succession below the location of Venere MV, did not contain evaporites.
Another possibility is that, over time, fluid migration through the plumbing system beneath
Venere MV has removed any Messinian evaporites. Other studies in the eastern
Mediterranean region have found that MVs preferably occur at sites where Messinian
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deposits are thin or absent (Fusi et al., 2006; Polonia et al., 2011; Capozzi et al., 2012;
Ceramicola et al., 2014b; Mascle et al., 2014), or cut by deep-seated faults with seafloor
expressions where the faults act as fluid-migration pathways, such as at the western Nile
deep sea fan (Dupré et al., 2014; Mascle et al., 2014).

5.6.2. Ring-fault gas emissions

The peripheral seeps of Venere MV are the first sites on the CAP from which extensive
chemosynthesis-based communities in association with gas emissions and decimeter-thick
authigenic carbonate deposits have been documented. Our seafloor observations and
sampling of the peripheral seeps at Venere MV revealed anaerobic oxidation of methane in
the shallow subsurface, which is consistent with a long-term (i.e. thousands of years) upward
supply of dissolved methane (e.g. Bayon et al. (2009)). While the stable carbon and
hydrogen isotopic signatures of methane collected at the peripheral seeps indicate a
thermogenic methane source (Fig. 5.5a; Whiticar (1999)), the molecular (C+/C;.) data plot
above the thermogenic and to the right of the microbial fields of hydrocarbons on the
classification of Bernard et al. (1977) (Fig. 5.5b). Taking the methane being expelled in mud
breccia at the summit of Venere MV as a potential thermogenic end-member, the samples lie
far away from any theoretical mixing range with microbial end-members (Fig. 5.5; (Whiticar,
1999)). Several post-genetic processes could account for the observed gas compositions at
the peripheral seeps: admixture of shallow microbial methane during fluid ascent; secondary
microbial methane generation leading to drier gas with relatively more negative &'*C-CH4
values (Pallasser, 2000; Head et al., 2003; Hong et al., 2013) and segregation effects during
gas transport through porous, aqueous sediments (Prinzhofer et al. (2000) and sources
therein). To geochemically constrain these processes, which may be controlling the gas
compositions at the Venere seeps, requires measurement of the isotopic composition of
higher molecular weight hydrocarbons and CO., which is beyond scope of this paper.

Gas discharge at peripheral sites was taking place along inward-dipping ring-faults, which
encircled the deep-rooted conduit inferred to rise beneath the western summit. Given the
geometry of the caldera (radius ca. 1.5 km, seafloor dips of the ring faults of up to 45°), the
ring faults converged towards any conduit over horizontal and vertical distances of <2.5 km.
We therefore argue that the gas being released at peripheral seeps and at the western
summit came from a common source zone in the subsurface, but underwent upward
divergence as it migrated through faults and microfractures of the ring-fault system. This is in
agreement with the stable carbon and hydrogen isotopic signatures of methane (Fig. 5.5),
which clearly indicated a thermogenic component (sensu Whiticar (1999); Fig. 5.5a) in gas
discharged at the peripheral seeps of Venere MV, comparable to that within mud breccia
extruded at the western summit. We argue that gas diverted from the central conduit
experienced post-genetic processes during its migration along the <2.5 km long ring faults.

As shown for the sediment-hosted hydrothermal system of the Lusi site in Indonesia,
divergent fluid migration along faults of collapsing calderas takes more time than focused
flow along the main conduit resulting in changes in the composition of vented gases (Mazzini
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et al., 2012). Similarly, longer distances and slower fluid flow of gas migrating along the ring-
fault system of Venere MV most likely contributed to changes in gas composition observed at
the peripheral seeps.

5.6.3. Upward-branching plumbing system

Based on our observations of prevailing seafloor morphologies and processes, and analyses
of pore fluid (gas and water) compositions of samples from Venere MV, we propose a
conceptual model of its plumbing system that inter-relates extrusive processes, ring-faulting,
fluid seepage and seafloor ecosystems (Fig. 5.7).

Our results from pore fluids in mud breccia flowing from Venere MV provided the first direct
evidence that MVs on the CAP are linked to fluid sources deep within the accretionary prism.
Gas compositions and fresh pore waters point to thermogenic gas formation and pore water
generation from mineral dehydration reactions at source depths of >3.5 km, beneath the <2
km thick (Minelli and Faccenna, 2010) infill of the Crotone basin. Our findings confirm
inferences of deep sources for other MVs on the CAP based on mud breccia compositions
(Morlotti et al., 1982; Praeg et al., 2009; Panieri et al., 2013) and are consistent with
geochemical findings from MVs elsewhere along the Mediterranean accretionary system
(Dahlmann and De Lange, 2003). Overpressured fluids are assumed to force their way
upward through hydraulic fracturing (pathway generation by overpressure) and fluidization
(suspension of solids through fluid movement), which are argued to drive mud volcanism or
mud diapirism in accretionary prisms (Brown, 1990; Deville et al., 2010).

At Venere MV, we propose that gas-rich pore fluids migrated upward along a conduit from
within the accretionary prism and through the forearc basin to a source depth below the
seafloor edifice of Venere MV. The maximum absolute temperature measured in fresh mud
breccia at the summit (26.8 °C) indicated a maximum temperature difference of 13 °C
compared to background sediments exposed to bottom water on the seafloor (13.8 °C).
Assuming the background geothermal gradient of 0.020 °C/m (s. above), a minimum source
depth of 650 m can be estimated. The source depth is inferred to correspond to a zone of
critical pore fluid pressures in which ascending, overpressured fluids experience lower
surrounding pressures that allows for lateral movement from the main conduit and intrusion
into surrounding sediments (Fig. 5.7; cf. Deville et al. (2003)). We infer the ring faults at
Venere MV to root in the zone of critical pore fluid pressures (Fig. 5.7) and respond to
variations in pore pressures linked to fluid pulses from the deeper plumbing system. During
episodic phases of high pore fluid pressures the ring faults facilitate the diversion of an
overpressured gas phase to the periphery of the MV. In turn, variations in pore pressures
may facilitate movement on the ring-faults (e.g. leading to caldera collapse). We note that the
ring faults define an asymmetric caldera, with greater offsets to the east at greater distances
from the western summit (Fig. 5.2b). This could reflect higher pore pressures along faults
with longer extensions from the currently active conduit. These ideas are consistent with
previous studies, proposing that calderas within or around MVs develop by near-surface
reductions in pore fluid pressure or the evacuation of mud chambers (Planke et al., 2003;
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Evans et al., 2008; Deville et al., 2010), either of which may be enhanced by extrusive
loading.

The geothermal gradients at the summit of Venere MV (1.96-15.54 °C/m) were up to two
orders of magnitude higher than those at the peripheral seeps (0.01-0.31 °C/m; Table 5.1).
At the Haakon Mosby MV, Feseker et al. (2008) attributes anomalous temperatures in near-
seafloor sediments to heat transport from depth by fluids or mud, migrating at different rates.
Methane discharged along the caldera surrounding Venere MV provided clear evidence that
the ring faults act as natural migration pathways for gas but not for mud breccia. A study from
the giant Regab pockmark indicated that fluids may migrate laterally by dispersed flow
through sediment pores, or by focused flow along sediment discontinuities (Marcon et al.,
2014a). Given the longer migration distances and lower geothermal gradients for fluids
discharged at the peripheral seeps, we suggest that in contrast to focused flow within the
main conduit, the ring-fault system facilitates dispersed fluid flow along faults and
microfractures.

Our model thus involves an upward-branching plumbing system (Fig. 5.7) in which high pore
fluid pressures sustain coeval mud breccia extrusion, ring-fault activity and peripheral cold
seep systems. Upward-branching systems have previously been inferred from observations
of quiescent MVs in terrestrial settings, mostly associated with the seepage of muds rather
than mud breccia flows (Mazzini et al., 2009b; Deville et al., 2010). Investigations of
submarine MVs have documented faults bordering MV edifices in the Gulf of Mexico (Prior et
al., 1989; Neurauter and Bryant, 1990), the Beaufort Sea (Paull et al., 2015b) and the
western Mediterranean Sea where chemosynthetic fauna are documented at the rim of a MV
caldera (Somoza et al., 2012). Our model links three forms of coeval activity — i.e. mud
breccia extrusion, quiescent stage faulting, and fluid discharge — to high fluid pressures and
suggests that upward-branching fluid migration pathways act as a control on cold seep
functioning within submarine MVs. We propose that it exerts a previously unrecognized
control on the distribution of seepage-dependent chemosynthesis-based oases of life and
that this process may be more important than has been recognized to date at submarine
MVs.

An upward-branching plumbing system is also suggested by the twin cones of Venere MV,
each of which records mud breccia extrusion above a stable subsurface conduit (Fig. 5.7).
This inference is based on the observation of a single caldera, and is consistent with
observations at the Madonna dello lono MVs where twin cones have been show to overlie a
subsidence depression pointing to a single main conduit (Praeg et al., 2009). At Venere MV,
our results showed that only one of the two conduits was extruding mud breccia at the time,
while that beneath the eastern cone appeared to have been inactive, based on cores
showing mud breccia to be buried beneath hemipelagic sediments up to several decimeter
thick. The comparable height of the two cones suggested that, over longer timescales, the
plumbing system beneath Venere MV is dynamic and switched between the two conduits,
alternating or involving phases of coeval activity. Twin-coned MVs have been observed at
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several other locations on the CAP (Ceramicola et al., 2014b), and occur elsewhere in the
eastern Mediterranean Sea including in association with subsidence depressions (Mascle et
al., 2014), suggesting that upward-branching drainage systems may be more common than
has been recognized to date.

3
Peripheral % % %
seep sites 2.0

T T o= Mud breccia flows

Fluidization and draulic fracturing
by overpressured fluids

A

Fluids sourced from below
forearc basin sediments (ca. 2 km thick)

Figure 5.7. Conceptual model of Venere MV involving a conduit feeding gas-rich (blue circles represent
free gas) mud breccia from the subsurface to the summit of a MV cone where mud breccia extrude and
flow along the cone; dark grey wedges represent old buried mud breccia that build the cones and red
stippled lines represent ring faults. Gas migration occurs along ring faults (short blue arrows along red
stippled lines) and gas is discharged at peripheral seeps. We infer a zone of critical pore fluid pressures
(light grey area) to accommodate mud and fluid release and caldera subsidence coevally (see text). Long
blue arrows indicate lateral fluid diversion after the model of a MV plumbing system in Fig. 14 of Deville et
al. (2003), see text). Fluid compositions point to sources below the ca. 2 km thick Plio-Quaternary filling of
the forearc basin (see Minelli and Faccenna (2010)) while studies of other MVs on the CAP suggest
mobilization of pre-Messinian deposits (Morlotti et al., 1982; Praeg et al., 2009; Panieri et al., 2013). Figure
is not to scale but seafloor dips of the ring faults of up to 45° suggest comparable caldera depths and
radius.

5.6.4. The active Venere MV — eruptive or quiescent?

Studying the eruption of MVs in deep-marine settings is in principle difficult, since eruptive
episodes are typically short-lived and MVs may persist in a quiescent mode for 95% of their
lifetime (Kopf, 2002). It has been suggested that, over the long-term, quiescent-phase activity
regulates pressures and limits the build-up of pressures sufficient for eruptive activity
(Mazzini and Etiope, 2017). At Venere MV, however, we observed the ongoing extrusion of
mud breccia from a single main summit site, rather than muds from smaller, secondary, or
parasitic cones as considered typical for quiescent-phase mud volcanism (e.g. Planke et al.
(2003), Deville and Guerlais (2009)). Mud breccia extrusion at the summit was accompanied
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by gas release along the ring-fault system, at sites supporting the development of
chemosynthetic communities and precipitation of authigenic carbonate pavements. The
growth of such cold-seep features indicates persistent methane seepage over thousands of
years (Bayon et al., 2009). These findings point to a stable relationship between mud breccia
flux through a conduit at the summit and gas escape along the ring-faults. We infer that this
type of activity is caused by persistently high fluid pressures within the conduit and a
subsurface zone of critical pore fluid pressures, which are sustained by gas and water supply
from thermogenic organic matter degradation and diagenetic reactions at depth (Fig. 5.7).
The coevality of mud breccia extrusion and gas release at peripheral seeps indicates that at
the time of investigation, either Venere MV was in an ‘eruptive’ phase, or that its ‘quiescent’
activity involves the outflow of mud breccia volumes capable of forming kilometer-scale
mudflows. Alternatively, Venere MV may be more aptly characterized as experiencing a
phase of ‘pressurized’ activity, representative of an unknown proportion of its lifetime.
‘Pressurized’ activity may be defined by subsurface pore pressures high enough to drive
coeval mud breccia extrusion, caldera collapse and fluid seepage. This form of activity may
also characterize that of other MVs, challenging the binary characterization of eruptive
versus quiescent activity.

5.7. Conclusions

Integration of data from hydroacoustic investigations, seafloor observations, and geological
sampling at Venere MV allowed us to link morphological expressions of fluid discharge to
processes occurring at depth and their impacts on ecosystem distribution. We provided the
first data on the composition of fluids involved in mud volcanism on the Calabrian
accretionary prism and identify two co-existing domains at Venere MV: 1) ongoing mud
breccia outflows at a summit site, extrusion of thermogenic hydrocarbons, and freshened
pore waters; and 2) advective seepage of methane fueling cold-seep communities at sites
along peripheral ring-faults. Our data indicated that mud breccia and fluids discharging at the
summit are generated by thermogenic organic matter degradation and mineral dehydration
reactions occurring at depths of at least 3.5 km, below the Crotone forearc basin and within
the accretionary prism itself. Freshened pore waters indicated that Messinian evaporites are
either not present or have been removed by fluid migration from below Venere MV. We
present an upward-branching plumbing system as a conceptual model for the activity of
Venere MV. It involves mud breccia discharge at one or both of two main conduits that has
led to the build-up of twin cones, accompanied by gas migration along a system of ring-faults
that has led to the development of peripheral seeps. Coeval mud breccia extrusion,
peripheral fluid release and caldera collapse are inferred to be sustained by high fluid
pressures within and around the conduit as well as a zone of critical pore fluid pressures in
which lateral fluid diversion occurs and which regulates variations in pore pressures resulting
from fluid pulses from depth. Chemosynthetic communities and thick authigenic carbonates
are limited to the peripheral seeps along the caldera and reveal that hydrocarbon discharge
at these sites has been active and stable for several thousands of years. Given the
abundance of submarine MVs but rare documentations of their eruptions, our data expanded
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the understanding of active mud volcanism as well as seepage-dependent ecosystem
distribution around MVs in the marine realm.
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6.1. Abstract

Submarine mud volcanoes develop through the extrusion of methane-rich fluids and
sediments onto the seafloor. The morphology of a mud volcano can record its extrusive
history and processes of erosion and deformation affecting it. The study of offshore mud-
volcano dynamics is limited because only few have been mapped at resolutions that reveal
their detailed surface structures. More importantly, rates and volumes of extruded sediment
and methane are poorly constrained. The 100 m high twin cones of Venere mud volcano are
situated at ~1600 m water depth within Squillace Canyon along the lonian Calabrian margin,
Mediterranean Sea. Seafloor bathymetry, and backscatter data obtained by a ship-based
system and an autonomous underwater vehicle (AUV) allow mapping of mudflows of the
mud volcano and bedforms in the surrounding canyon. Repeated surveying by AUV
document active mud movement at the western summit in between 2014 and 2016. Through
sediment coring and tephrochronology, ages of buried mudflows are determined based on
the sedimentation rate and the thickness of overlying hemipelagic sediments. An average
extrusion rate of 27000 m3/year over the last ~882 years is estimated. These results support
a three-stage evolutionary model of Venere mud volcano since ~4000 years ago. It includes
the onset of quiescence at the eastern cone (after ~2200 years ago), erosive events in
Squillace Canyon (prior to ~882 years ago), and mudflows from the eastern cone (since
~882 years). This study reveals new interactions between a mud volcano and a canyon in
the deep sea.
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6.2. Introduction

A mud volcano (MV) results from the upward migration of mobilized subsurface sediments,
gas, and water by focused fluid flow and the extrusion of a mixture of these components,
referred to as mud breccia (Cita et al., 1981; Camerlenghi et al., 1992; Pape et al., 2010;
Mazzini and Etiope, 2017). The surface morphology of a MV is therefore the direct result of
repeated extrusions of mud breccia accumulating progressively over time. MVs typically
develop into pie- or cone shaped edifices (Kopf, 2002; Planke et al., 2003) up to several
kilometers wide and several hundred meters high (lvanov et al., 1996b; Dimitrov, 2002; Kopf,
2002; Kioka and Ashi, 2015) and can induce surface subsidence by caldera formation (Prior
et al., 1989; Bonini, 2008; Evans et al., 2008; Mazzini et al., 2009b). The rate and frequency
of extrusions, and the amounts of hydrocarbons released remain poorly documented,
especially for MVs located offshore in the deep sea (Dimitrov, 2002; Milkov et al., 2003;
Etiope and Milkov, 2004; Feseker et al.,, 2014), where they potentially host shallow gas
hydrates (Bohrmann et al., 2003; Stadnitskaia et al., 2008; Pape et al., 2010; Pape et al.,
2011b). Investigating the morphological evolution of submarine MVs is important to try and
assess their state of activity and estimate rates of mud breccia or fluid extrusion.

Seafloor mapping capable of resolving mud eruption events at deep sea MVs as subtle
morphological changes over time (Foucher et al., 2010; Feseker et al., 2014) has only
become possible due to the advent of multibeam echosounder systems mounted on remotely
operated vehicles (ROVs; e.g. Kaul et al. (2006), Foucher et al. (2009)) or autonomous
underwater vehicles (AUVs; (Wynn et al., 2014)). Apart from the pie-shaped Hakon Mosby
MV, no other MV has so far been repeatedly mapped by AUV or ROV. In fact, of the
estimated 10°-10° MVs occurring in deep sea environments (Milkov, 2000), high-resolution
datasets are only available for the Amon, Isis, Chephren, and Cheops MVs in the Nile Deep
Sea Fan (Dupré et al., 2008; Foucher et al., 2009; Dupré et al., 2014; Mascle et al., 2014),
the Napoli MV in the Mediterranean Ridge (Mascle et al., 2014), and three MVs along the
continental slope of the Canadian Beaufort Sea (Paull et al., 2015b). The majority of these
structures are either pie-shaped structures (i.e. the Amon MV, Isis MV, Napoli MV, and all
but one of the Canadian MVs) or flat-lying calderas (i.e. the Chephren and Cheops brine
pools) Only Paull et al. (2015b) have documented a cone-shaped MV. Accordingly,
understanding of the extrusive dynamics at cone-shaped MVs remains limited and
investigations considering the age of structures visible in AUV-derived datasets and the
recent evolution of MVs over time are lacking.

Mudflows are typically characterized by elevated backscatter intensities in sonar data (e.g.
Zitter et al. (2005), Van Rensbergen et al. (2005b)), which is argued to result from a
combination of surface scattering (depending on seafloor roughness) at the sediment-water
interface and volume scattering (depending on the presence of mud breccia clasts or gas
bubbles) in the shallow subsurface (Johnson and Helferty, 1990; Volgin and Woodside,
1996). Whereas the signal penetration and attenuation is strongly frequency dependent
(Mitchell, 1993), the highest backscatter intensity for mudflows results where the mud breccia
is exposed on the seafloor and decreases with increasing burial by soft and homogeneous
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marine sediment (Zitter et al., 2005; Sahling et al., 2009). Visual observations of the seafloor
surface may, therefore, not be able to fully resolve or ground truth backscatter variations (e.g.
Paull et al. (2015b)) but requires sediment cores to investigate the shallow subsurface (Zitter
et al., 2005). By dating of sediments overlying the mud breccia (Gennari et al., 2013) or
according to the local sedimentation rate it has been possible to constrain the timing of
extrusive activity of MVs on regional scales (Rabaute and Chamot-Rooke, 2007; Ceramicola
et al., 2014b). Similarly, precise coring of mudflows at MVs mapped by AUV, may allow to
reconstruct their extrusive dynamics and to constrain their morphological evolution over time.

Venere MV, discovered by Ceramicola et al. (2014b), is an active twin-cone MV with a
subsidence caldera situated at ~1600 m water depth within the lower channel of Squillace
Canyon along the lonian Calabrian margin, Central Mediterranean Sea (Fig. 6.1 and 6.2). It
was found by Loher et al. (in review (JMPG)), that fresh mudflows of distinct morphologies
and lacking hemipelagic drape extend from the western summit. These types of extrusions
were revealed for the first time as previous investigations of cone-shaped submarine MVs
had only shown mudflows in sidescan data as narrow trails extending radially from the
edifices (lvanov et al., 1996b; Paull et al., 2015b). In addition to hydroacoustic water column
anomalies (i.e. flares) at the western summit, gas release from peripheral seeps was
detected in alignment with ring faults at the caldera edge. Fluids emitted with mud breccia
consisted of thermogenic gases and pore water significantly depleted in chloride, that are
argued to indicate thermogenic organic matter degradation and mineral dehydration
reactions, respectively, and to point to fluids sourced at >3.5 km depth. It has been proposed
that high subsurface pressures are required to sustain the extrusion of mud breccia at the
MV summit and coevally drive gas release at the peripheral seeps through an upward-
branched plumbing system (Loher et al., in review (JMPG)).

The main objective of this study is to investigate the age, evolution, and extrusive dynamics
of the surface of Venere MV and the potential interaction of the MV edifice with sediment-
transport processes along Squillace Canyon. Ship- as well as AUV-derived bathymetry and
backscatter data, are complemented by subsurface profiles and 30 sediment cores for
ground truthing. Seafloor maps provide insights into the morpho-dynamics of Venere MV and
Squillace Canyon. Tephrochronology is applied to sediment cores and mapping of mudflows
reveals the spatio-temporal evolution of the MV and allows to estimate the extrusion rates.
Finally it is investigated if and how a MV edifice can alter the flow paths and dynamics of
sediment transport processes in a canyon and vice-versa, their influence on the morphology
of a MV.
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Figure 6.1. a: Map of the eastern Mediterranean region with location of Venere MV (black star) in the
Calabrian accretionary prism (CAP) relative to plate boundaries (red lines); also shown are the
Mediterranean Ridge (MR), Anaximander Mountains (A) and Nile Deep Sea Fan (NDSF) MV provinces
(grey areas; after Mascle et al. (2014)). Black box represents extent of b: Morpho-structural domains
(modified after previous interpretations, see text) of the CAP overlain on bathymetry map; CE = Calabrian
Escarpment. Black box represents extent of c: Detailed bathymetric map of the lonian-Calabrian margin
showing the main submarine canyons (names in white), the locations of selected mud volcanoes (black
triangles) and two gravity-core locations (black dots with GeoB-identifier); the black box indicates the extent
of Fig. 6.2.

6.3. Regional setting and mud volcanism

The Calabrian Accretionary Prism (CAP; Fig. 6.1a and b) results from the northwest-oriented
subduction of the Nubia plate below the Eurasian plate (Malinverno and Ryan, 1986;
Gueguen et al., 1998; Faccenna et al., 2001; Rosenbaum et al., 2002; Neri et al., 2009). The
CAP extends for more than 300 km from NE to SW and seaward from the Calabrian-lonian
coast towards the ca. 4000 m deep lonian Abyssal Plain. The main morpho-structural
domains of the CAP include the post-Messinian external wedge, the pre-Messinian internal
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wedge, and the Spartivento—Crotone forearc basins (Fig. 6.1b; (Rossi and Sartori, 1981;
Minelli and Faccenna, 2010; Polonia et al., 2011; Ceramicola et al., 2014b; Zecchin et al.,
2016; Gutscher et al., 2017). In the pre-Messinian wedge a series of scarps, the most
prominent of which is known as the Calabrian Escarpment (CE; Figs. 6.1b and c), has been
interpreted as a fold-and-thrust belt, argued to be the result of several transpressive splay-
faults (strike-slip faults and thrusts) indicating out-of-sequence movement and strain
partitioning between the external and internal wedges (Cernobori et al., 1996; Praeg et al.,
2009; Minelli and Faccenna, 2010; Polonia et al., 2011; Gutscher et al., 2017). In the forearc
basins, Mesozoic-Cenozoic basement of the accretionary wedge is exposed onshore and
overlain by sediments of up to Mid-Miocene (late Serravallian) age, including Messinian
evaporites and Plio-Pleistocene units (Roda, 1964; Zecchin et al., 2003), which have also
been drilled in nearshore wells (Capozzi et al., 2012). The offshore Spartivento-Crotone
forearc basins contain up to 2 km of Pliocene-Quaternary sedimentary infill with <500 m thick
Messinian deposits (Minelli and Faccenna, 2010; Polonia et al., 2011).

The lonian-Calabrian margin has been experiencing rapid topographic uplift (on the order of
0.5-2 mm/yr) since 0.7-0.4 Ma (Westaway, 1993; Monaco and Tortorici, 2000; Catalano and
De Guidi, 2003; Antonioli et al., 2006; Ferranti et al., 2007; Zecchin et al., 2011). The uplift
influenced the geomorphological dynamics on- and offshore Calabria by forming steep
coastal areas with riverbeds connecting to submarine canyon systems and sustaining
sediment discharge across the Calabrian-lonian margin. Submarine canyons along the
Calabrian-lonian margin (Fig. 6.1c) have been imaged on seismic lines (Capozzi et al., 2012)
and their formation has been tentatively constrained to be younger than the Mid-Pleistocene
(Coste, 2014), in accordance with the onset of regional uplift (Capozzi et al.,, 2012;
Ceramicola et al., 2014a). Squillace Canyon, relevant to this study, is one of the largest
submarine canyon systems along the Calabrian-lonian margin. Near the coastline it consists
of several tributary canyons, which converge to a main lower channel course at ca. 1150 m
water depth and it extends seaward into the Crotone-Spartivento forearc basins to water
depths of over 1800 m.
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Figure 6.2. AUV-derived bathymetric map draped on ship-derived bathymetric map of the study area (upper
panel) and interpreted structures (lower panel) including the investigated mudflows, sediment waves,
scours, and furrows; see Fig. 6.1b for map extent; black box indicates extent of Fig. 6.7.

Hydroacoustic surveys across the CAP and sediment sampling have documented at least 53
submarine MVs occurring in the pre-Messinian domains and forearc basins of the CAP and
only few in more seaward locations (Fig. 6.1c; (Ceramicola et al., 2014b; Bohrmann et al.,
2015; Loher et al., in review (JMPG))). Several structures have been reported to show signs
of recent mud breccia extrusion (Foucher et al., 2009; Praeg et al., 2009; Panieri et al., 2013;
Ceramicola et al., 2014b) or fluid seepage (Foucher et al., 2009; Panieri et al., 2013)
including a presumed flare at Catanzaro MV (Ceramicola et al., 2014b). Most extrusive
features occur along tectonic lineaments such as transfer faults or thrusts, interpreted as
post-Messinian out-of-sequence thrusts related to compressional or transpressive tectonics
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of the CAP (Praeg et al., 2009; Minelli and Faccenna, 2010; Panieri et al., 2013; Ceramicola
et al., 2014b; Gutscher et al., 2017). The onset of mud volcanism on the CAP is inferred to
have originated >3 Ma ago (Late Pliocene; (Praeg et al., 2009)) and the study of mud breccia
and microfossil assemblages indicated source materials as old as the Late Cretaceous for
the Madonna dello lono, Pythagoras and Sartori MVs (Morlotti et al., 1982; Praeg et al., 2009;
Panieri et al., 2013). Regional backscatter mapping and subbottom profiles in combination
with sediment coring at the Pythagoras, Madonna dello lono, and Sartori MVs evidenced MV
activity during the last 56 ka on the internal wedge, correlated mud breccia outflows to the
last glacial maximum, and within the last 12 ka in the Crotone-Spartivento forearc basins
(Praeg et al., 2009; Ceramicola et al., 2014b).

6.4. Methods

Data and samples used in this study were acquired during R/V METEOR cruise M112 in
2014 (Bohrmann et al., 2015) and R/V POSEIDON cruise POS499 in 2016 (Bohrmann et al.,
2016). Swath bathymetry data were collected by a ship-based Kongsberg EM122 (12 kHz)
system during cruise M112 and by a Kongsberg EM2040 (300 kHz) system mounted on
autonomous underwater vehicle (AUV) MARUM-SEAL 5000 during M112 and POS499. Data
processing was carried out with MB-System (Caress and Chayes, 1996) and bathymetry was
made available through EMODnet (http://www.emodnet.eu/bathymetry). Ship-based data
was gridded at 50 m lateral and meter-scale vertical resolution and AUV-derived data at 1.6
m lateral and decimeter-scale vertical resolution.

Gas emissions and sub-surface structures were investigated during M112 by a hull-mounted
parametric sediment echosounder system (PARASOUND) operated at a primary frequency
of 18 kHz used for gas bubble imaging in the water column and provided a parametric
frequency of 4 kHz used for subbottom imaging. The software ATLAS PARASTORE was
used for online data processing and plotting whereas the program SeNT (H. Keil, University
of Bremen) was employed for basic data processing and plotting.

Sediment cores presented in this study were collected during cruises M112 and POS499 by
a conventional gravity corer or by a mini-corer system equipped with up to four liners for
short cores. Coring locations (precision on the order of several tens of meters), were chosen
on top of the lobes of mudflows or in relatively flat and undisturbed seafloor areas.
Measurements of magnetic susceptibility (MS) were conducted on gravity cores by a
Bartington Instruments MS2 Magnetic Susceptibility System in 1 cm increments. Sediment
cores were photographed and macroscopically described to investigate on the presence of
mud breccia clasts larger than ca. 0.5 cm in relation to changes in lithology. Burial depths of
mud breccia are reported as a range, accounting for uncertainties due to gradual or irregular
contacts due to bioturbation or potential mixing by post-depositional gas release.

X-ray fluorescence (XRF) scans in 10 mm down-core step-size were carried out for core
GeoB19234-1 (section 0-94 cm) with an XRF Core Scanner Ill (Avaatech Serial No. 12) at
the MARUM-University of Bremen to provide elemental compositions reported in counts per
step (cps). For the elements Al, Si, S, K, Ca, Ti, Mn, Fe the XRF scan was carried out at 10
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kV with a current of 0.2 mA and 20 sec count time and for Br, Rb, Zr, Sr, Nb, Pb at 30 kV
with a current of 1 mA with a count time of 20 sec.

Glass shards from a sieved (40 ym) and dried sediment sample extracted at 43—44 cm depth
from Core GeoB19234-1 were mounted on epoxy resin and polished. Major element
compositions of shards were determined at University of Bremen using a Cameca SX100
electron microprobe equipped with four wavelength-dispersive spectrometers (WDS)
operating at 15 kV and utilizing a 4 nA defocused beam of 5 ym diameter. Accuracy was
monitored by analyzing rhyolite and basalt glass standards (VG-568 and VG-A99;
Jarosewich et al. (1980)) together with the samples (Table 13.12 in supplements Chapter
13.2).

6.5. Results
6.5.1. Sediment lithologies

In this study, gravity and mini-cores have been used to investigate the sediments on top and
in the vicinity of Venere MV and Squillace Canyon. A total of 30 sediment cores have been
described, including 6 gravity cores and 22 mini-cores from sites on the MV edifice or within
the caldera (Fig. 6.3), and 2 gravity cores from sites unaffected by the MV (Fig. 6.1c).
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Figure 6.3. Maps of identical extent for Venere MV (a-d) indicating locations of mini-cores (triangles) and
gravity cores (circles), numbers in c) refer to GeoB-identifier (see Table 6.1); a: ship-derived backscatter; b:
AUV-derived backscatter draped on ship-derived backscatter; c: AUV-derived bathymetry draped on ship-
derived bathymetry; d: same as c) with mapped mudflows (shaded gray) and age estimates (Table 6.1),
ring faults (red lines), cold-seep locations (white stars), and estimated extents of mudflows not cored
(stippled lines).

In Core GeoB19234-1 (Fig. 6.4a) the uppermost sediment consists of light yellowish or olive
brown to grey, homogeneous (bioturbated) to faintly laminated, carbonate-bearing silty clay.
XRF-based element ratios (Ti-normalized, Fig. 6.4a) showed an elevated Ca content, which
resulted from biogenic carbonate components, compared to terrigenous contributions such
as e.g. Zr. This lithology is identified as hemipelagic sediment very similar to hemipelagic
sediments previously described for comparable settings on the CAP (Barbieri et al., 1982;
Morlotti et al., 1982; Panieri et al., 2013).
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Figure 6.4. a: Magnetic susceptibility (MS) and XRF data (Ti-normalized) plotted against Core GeoB19234-
1 photo (depth-scale in cm) with lithology and core description; ages for tephra (see text) are from Keller et
al. (1978) and Paterne et al. (1988); b: Electron microscope images of glass shards (left: rhyolitic
composition; right: phonolitic composition with leucite microcrysts, see Table 13.12 in supplements Chapter
13.2).

Most gravity- and mini-cores recorded hemipelagic sediment above mud breccia (Table 6.1;
Figs. 13.1 and 13.2 in supplements Chapter 13.2). Mud breccia is characterized by a
greenish grey, clay- and silt-rich matrix supporting poorly sorted, angular to subrounded rock
clasts ranging from several mm to dm in size. Mousse-like textures of the matrix (resulting
from high gas content) characterized cores with fresh mud breccia (GeoB21322, Fig. 6.5)
whereas mud breccia was compact and massive in cores where it was overlain by several
centimeters of hemipelagic sediment (Figs. 6.4a, 6.5, Figs. 13.1 and 13.2 in supplements
Chapter 13.2). Clast lithologies included carbonates, sandstones, friable shale and marls.
Contacts between mud breccia and overlying hemipelagic sediments were characterized by
changes in color (from brownish to greyish), lithology and clast content (homogeneous silty
clay to poorly sorted breccia) and transitions ranged from sharp to gradual (bioturbated) over
up to 6 cm.

Dark grey to grey, homogeneous, silty to sandy sediments were encountered in mini-cores
GeoB21309-1 (Fig. 6.5), 21316-1, 21334-1, and 21336-1 (Fig. 13.1 in supplements Chapter
13.2) and in gravity cores GeoB21324-1, 21326-1, 21332-1, and 19279-1 (Fig. 13.2 in
supplements Chapter 13.2). Cores GeoB21332-1 and 19279-1 were characterized by
several sandy intervals fining upward to silty clay. Cores GeoB21309-1 and 21326-1 from the
MV caldera (Fig. 6.3), contained graded and irregular contacts between silt and massive
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sand at 14 cm and 10 cm depth, respectively. These well sorted and normally graded silt and
sand deposits were identified as gravity-flow deposits.
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In Cores GeoB19234-1 (Fig. 6.4a), 19232-1, 19244-1, 19280-1, 21324-1 (Fig. 13.2 in
supplements Chapter 13.2), 4 to 8 cm thick intervals of dark gray to brown, silty to fine-sandy
sediment with clear basal contacts were present. In Cores GeoB19234-1, 19244-1, 19280-1
this intervals show a distinct peak in magnetic susceptibility (e.g. GeoB19234-1 in Fig. 6.4a).
XRF analyses of Core GeoB19234-1 (Fig. 6.4a) document a lower Ca/Ti ratio than the
hemipelagic sediments and higher Sr/Ti, Zr/Ti, Fe/Ti, Mn/Ti and K/Ti ratios than the mud
breccia, comparable to XRF profiles across tephra layer Z1 by Polonia et al. (2015). Glass
shards from Core GeoB19234-1 could be identified under the electron microscope (Fig. 6.4b)
and WDS analyses revealed a phonolitic composition with leucite microcrystals for some of
the glass shards but a rhyolitic composition for others (Table 13.12 in supplements Chapter
13.2). The phonolitic composition is comparable to the Z1 tephra (Polonia et al., 2015), which
is known as a high-potassium phonolitic tephra, hosting leucite microcrysts in the glass
matrix (Keller et al., 1978; Zanchetta et al., 2011). The Z1 tephra has been attributed to an
eruption of Somma-Vesuvius in AD 79 (i.e. ca. 1900 years; (Keller et al., 1978; Zanchetta et
al., 2011). The rhyolite glass analyzed additionally in shards here, showed a composition
similar to a tephra layer analyzed by Paterne et al. (1988) (core KET8003 in Table 13.12 in
supplements Chapter 13.2) dated at 1700 years. Tephra layers containing glass shards of
different chemical compositions are known in this region and have been attributed to
contemporaneous or amalgamated consecutive volcanic eruptions (Paterne et al., 1988). For
the purpose of this study, an age range of 1700-1900 years is consistent with the identified
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tephra layer. This results in sedimentation rates of 0.17-0.19 mm/year, averaged over the
five cores where the tephra layer was identified. This sedimentation rate is comparable to
previously determined sedimentation rates of the Spartivento forearc basin (0.18-0.26
mm/year (Ceramicola et al., 2014b)) and is clearly higher than values reported for the outer
CAP (0.05-0.1 mm/year, (Kastens, 1984; Polonia et al., 2013)).

Sedimentological criteria such as color, lithology and occurrence of clasts >several mm in
diameter, were applied to determine a depth range representing the amount of burial of mud
breccia in cores that were taken on top of mudflows. Based on the sedimentation rates of
0.17-0.19 mml/year, the depth ranges were translated to minimum age ranges for the
mudflows, corresponding to the onset of hemipelagic sedimentation on top of the mudflows.
Respective core locations, burial depths and age ranges are summarized in Table 6.1. Core
GeoB21306-1 was taken at the very edge of a mudflow and due to uncertainties of the exact
core positioning, this core could not be reliably attributed to its corresponding mudflow. Cores
GeoB21313-1, 21316-1, 21327-1, 21335-1, 21336-1, 21340-1 may not contain a complete
hemipelagic section and their age estimates have not been further considered for
establishing the stratigraphic order of mudflows (Fig. 6.3d, Table 6.2).
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Table 6.1. GeoB-identifier and location data (WGS84) of sediment cores (MIC = mini-core; GC = gravity
core) of this study and minimum—maximum depths of hemipelagic sediment cover on top of mud breccia
and corresponding ages based on calculated sedimentation rates; no results for stations where no mud
breccia deposits were cored.

Water |Hemipelagic | Hemipelagic |[Age |Age

Latitude |Longitude [depth |[covermin. |covermax. |min. |max.
GeoB-No. |Type [(N) (E) {m) |(em) {cm) {a)* |(a)**
21305-1 |MIC |[38°35.930|17°11.814 | 1558 0.0 0.2 0 12
21306-1 |MIC |38°36.033|17°11.845 | 1569 6.0 7.0 316 412
21307-1 |MIC |[38°36.103|17°11.810| 1558 3.0 5.0 158| 294
21308-1 |MIC |[38°36.134|17°11.992 | 1569 8.0 10.0| 421| 3588
21309-1 |MIC [38°35.837|17°11.911| 1572 |- - - -
21313-1 |MIC |38°36.334|17°11.842| 1532 4.0 6.0 211| 353
213141 |MIC |38°36.631|17°11.481| 1497 5.0 8.0 263| 471
213151 |MIC |38°36.780|17°11.575| 13509 4.0 8.0 211] 471
21316-1 |MIC |38°36.333(17°11.861| 1313 |- - - -
213171 |MIC  |38°36.661|17°11.104 | 13500 5.0 6.0 263| 353
213181 |MIC |38°36.347|17°11.127| 1477 6.0 7.0 316| 412
21319-1 |MIC |38°36.341(17°10.832| 1513 2.5 3.5 132] 206
21320-1 |MIC |38°36.199(17°11.148| 1316 13.0 15.0| 684| 882
213271  |MIC  |38°36.214|17°12.111| 1360 7.0 8.0 368 471
21334-1 |MIC |[38°37.083|17°11.561 | 1535 |- - - -
21335-1 |MIC |[38°36.795|17°11.343 | 1507 11.0 13.0| 579 765
21336-1 |MIC |[38°36.488|17°11.986| 1521 |- - - -
21337-1  |MIC [38°36.179|17°11.649 | 1535 0.0 0.5 0 29
21338-1 |MIC |[38°35.901|17°11.644 | 1568 0.2 1.5 11 88
21339-1 |MIC |[38°35.785|17°11.551 | 1569 0.2 0.5 11 29
21340-1 |MIC |[38°35.843|17°11.209 | 1561 4.0 75 211 441
21341-1  |MIC [38°36.175|17°10.886 | 1523 1.5 3ol 79| 176
19234-1 |GC  |38°36.663 |17°11.973 | 1505 53.0 36.0| 2798| 3304
19244-1 |GC  |38%36.648|17°12.062 | 1518 41.0 44.0| 2165| 2596
19279-1 |GC  |38°34.783|17°12.883 | 1560 |- - - -
19280-1 |GC  |38°36.851(17°12.048| 1513 69.0 75.0| 3643| 4425
21322-1 |GC  |38°36.462|17°11.223 | 1474 0 0 0 0
21324-1 |GC  |38°37.053|17°11.627 | 1524 75 76| 3960| 4484
21326-1 |GC  [38°36.086|17°12.364 | 1570 |- - - -
21332-1 |GC  [38°38.039|17°17.512| 1610 |- - - -

* based on minimum burial depth and sedimentation rate of 0.19 mm/a
** based on maximum burial depth and sedimentation rate of 0.17 mm/a

86

Markus Loher




6. Manuscript 1l: Mud volcanism in a canyon

D
West cone %
North - { Levee
1600 channel w2
 1km : : Sauth channel i
E F
1500
-/{ East con;%\ ;
w'f‘ e
North b e
» channel Gas flare. smsamesn d?‘i evee
. 1km . . . South channel . .
G H
1550
Channel upslope of caldera:
1600 slope ~0.4°
Caldera floor: A\/‘_\\\TN
16501 Siopestd Channel downslop
L 1km : ; ' . . of caldera; slope ~0.4°
l J
1500
1550
Large-scale sediment waves
1600 L with upslope asymmetry
1 1 km 1 ' 1
K_ L
1550 WJ/"” )
w Westcone ..~ &
L < e - ‘3‘-{‘; E* 9‘%{‘ {Wk
1600} z ¥ | o /\
i , I B A Monrmn
Caldera edge T s
1650 Scour 9 ‘4’*
Seiland < : . . . Slcour lScour . k.

Figure 6.6. Subbottom profiles (PARASOUND) and bathymetric-topographic cross sections in the study
(note index map with letters indicating the profiles); all profiles at the same scale with vertical exaggeration
of ~15x.
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6.5.2. Hydroacoustic results of Venere MV and surrounding Squillace Canyon

Venere MV consists of an eastern and a western cone, each ca. 100 m high, situated at the
northern edge of a ca. 3000 m wide caldera defined by inward-dipping ring faults (Fig. 6.2).
The main channel of Squillace Canyon bifurcates around Venere MV, forming a >70 m deep
channel to the south and across the MV caldera and a <30 m deep channel to the north (Fig.
6.6, profile A-B). The channel levees are characterized by continuous and sub-parallel
reflections in PARASOUND data (Fig. 6.6, profiles A-B, C-D, and E-F). The average slope
of Squillace Canyon is ~0.4° in the southern channel and ~0.1° across the caldera of Venere
MV (Fig. 6.6 profile G—H). The northern flanks of the MV cones are generally <10° steep
compared to the southern flanks where slopes locally exceed 12° and 15°, respectively (Fig.
13.3 in supplements Chapter 13.2).

The MV surface shows elongate ridges (10-50 m wide; Fig. 6.7), subparallel ducts (up to 1 m
deep), and tongue-shaped lobes (up to several hundred m wide and up to 15 m high; Fig.
6.8a) at horizontal distances of up to 1600 m from the summit (e.g. near the foot of the
western cone; Fig. 6.2). These structures consist of exposed or buried mud breccia deposits
forming mudflows. A comparison of AUV-derived bathymetry of the western summit from
2014 with that of 2016 documents the denudation of a ca. 10 m wide mound and the infilling
of a ca. 2 m deep duct during this time interval (Fig. 6.7). Inward-dipping ring faults cut most
mudflows along the eastern and northern slopes of the eastern cone. The lower area of the
eastern cone is populated by three gryphons — i.e. parasitic cones of 4 to 8 m elevation and
60 to 150 m diameter (Figs. 6.2 and 6.8b).

Figure 6.7. AUV-derived bathymetry map of the summit (~1500 m water depth) of the western cone of
Venere MV (left) and line drawing of ridges and mudflows (right); see Fig. 6.2 for index of location; a: data
from 2014, note a mudflow (ridge marked in grey) extending downslope from the central area; b: data from
2016, note the changed morphology of the mudflow compared to 2014.

Ship-derived backscatter data (Fig. 6.3a) show high intensities for the western cone (extent
of ca. 5.0 km?) and intermediate intensities for the eastern cone (extent of ca. 3.5 km?),
compared to sites of low intensity outside of Squillace Canyon. The total area of elevated
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backscatter (ca. 8.5 km?) matches in extent with the positive morphology of the MV edifice.
Only mudflows at the western cone show elevated backscatter intensities in AUV-derived
data (Fig. 6.3b) and cover ca. 2.0 km?.

6.5.3. Bedforms in Squillace Canyon

Three types of bedforms have been identified in the vicinity of Venere MV: sediment waves,
scours (crescent-shaped), and furrows (erosive lineations).

Sediment waves are positive bedforms with straight or crescentic crests mostly oriented
perpendicular to the axis of Squillace Canyon. Large-scale sediment waves have heights of
up to 30 m and wavelengths of over 1000 m. Their upslope-facing (stoss) slopes are
generally steeper than their downslope facing (lee) slopes (i.e. they are upslope asymmetric;
Fig. 6.6, profile 1-J). Trains of large-scale sediment waves are found on the levees and
shoulders of Squillace Canyon (Fig. 6.6, profile |-J; K-L). Medium-scale sediment waves
show downslope-asymmetry with sinuous crests, 150-300 m wave lengths and 3—-4 m wave
heights (Fig. 6.8a, profile A-B; Fig. 6.9a, profile A-B). Trains of medium-scale waves extend
from west to east across the caldera of Venere MV and their wavelength and wave heights
decrease from 100 m to 40 m and from 3 m to less than 1 m, respectively (Fig. 6.8a, profile
A-B). Small-scale sediment waves have wavelengths of 10—15 m, wave heights of 0.3-0.5 m
and are often superimposed on top of medium-scale waves (Fig. 6.9a, profile A-B). Medium-
and small-scale sediment waves are present inside the southern channel (Figs. 6.8a and
6.9a) and the caldera of Venere MV (Figs. 6.8a and b).

Scours are bedforms of negative morphology with crescent-shaped headwalls (Figs. 6.8c;
6.9a and b). They are up to 20 m deep relative to the surrounding seafloor, up to 800 m wide,
400 m long and exhibit a strong asymmetry with locally >30° steep lee slopes (Fig. 13.3 in
supplements Chapter 13.2) and gently rising (1-5°) stoss slopes. The headwalls indicate
upslope retrogressive erosion and expose truncated sediment beds. Erosion appears to have
stripped away sediment along discrete layers forming small morphological steps or flat
bottomed pits (Fig. 6.9b, profile C—D). Scours occur along the northern channel of Squillace
Canyon (Fig. 6.2) with several crescent-shaped morphologies of more smoothed appearance,
eroding into the northern flanks of Venere MV (Fig. 6.8c). A large-scale erosive scour also
occurs along the south-eastern edge of the caldera rim of Venere MV (Fig. 6.9a) and
stretches ~1300 m across the southern channel of Squillace Canyon. The negative
morphology is ca. 400 m wide in downslope direction, forms a step in the channel profile of
up to 35 m in height (Fig. 6.9a, profile A—B), which is locally >30° steep (Fig. 13.3). The lee
slope and bottom of this scour are marked by smaller scours and a complex arrangement of
furrows (Fig. 6.2).
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Furrows are linear, erosional bedforms and are observed along the southern (Fig. 6.8a),
southeastern (Fig. 6.8b) and northern flanks of Venere MV (Fig. 6.8c) as well as on the
thalweg of the southern channel (Fig. 6.9a), and the southern shoulder of Squillace Canyon
(Fig. 6.9¢). The most pronounced furrows are found across the crest and lee slope of a large-
scale sediment wave on the southern levee of Squillace Canyon (Fig. 6.9c). These furrows
are continuous over several hundred meters, spaced 5 to 20 m, and have up to 1.5 m relief
(Fig. 6.9c, profiles E-F and G-H). At the channel edge they terminate abruptly marking the
collapse of the levee flank. In comparison, furrows found on the northern flank of Venere MV
are lower (<1 m) and more discontinuous but spread out in downslope-divergent patterns
(Fig. 6.8c). At the southern and southeastern flanks of the MV, furrows are more irregular but
overprint buried mudflows (Figs. 6.8a and b). In backscatter data, areas marked by furrows
along the MV flanks show areas of high backscatter intensities (Fig. 6.3b), which extend up
along the cones to water depths matching the height of the southern levee of Squillace
Canyon.

6.6. Discussion

6.6.1. Ground truthing of bathymetry and backscatter at Venere MV

Correlating backscatter intensities of mud breccia deposits with their burial depth has allowed
to constrain extrusive activity of MVs over large regions, as studies on the CAP (Ceramicola
et al.,, 2014b) or the Mediterranean Ridge (Rabaute and Chamot-Rooke, 2007) have
demonstrated. For echosounders operating at 300 kHz, such as mounted on the AUV of this
study, sediment penetration for the backscatter signal of ~20 cm can be estimated based on
the signal-attenuation in marine sediments (Mitchell, 1993). All cores in this study (Figs. 13.1
and 13.2 in supplements Chapter 13.2) are of sufficient length to sedimentologically ground
truth the AUV-derived backscatter and document the presence (or absence) of mud breccia
deposits. Backscatter from the 12 kHz system, operated from the vessel, has a depth of
detection of >2 m (Rabaute and Chamot-Rooke, 2007), and has revealed the extent of
mudflows buried more deeply (e.g. 91 cm for GeoB21324-1). Local variations in backscatter
intensities around MVs and cold seeps have previously been attributed not only to the
thickness of sedimentary drape but also to rough or hard seafloor-surfaces such as crusts of
authigenic carbonate, to clast content (grain size) as well as the presence of gas bubbles or
gas hydrate in shallow sediments (Volgin and Woodside, 1996; Klaucke et al., 2006; Sahling
et al., 2009; Rémer et al., 2014; Paull et al., 2015b; Ceramicola et al., 2018). At Venere MV,
cold-seep sites hosting authigenic carbonates have previously been documented from
several sites along the periphery of the MV (Loher et al., in review (JMPG)) and are found to
coincide with sub-circular patches of very high backscatter intensity in this study (Fig. 6.3b).
The fresh mudflows at the western summit are characterized by high backscatter intensities
and correspond to exposed mud breccia (lacking a hemipelagic sediment drape) with
mousse-like sediment textures (Fig. 6.5), indicating the presence of gas bubbles (Loher et al.,
in review (JMPG)). Older mudflows lie stratigraphically deeper and are characterized by
smoother morphological appearances with higher amounts of sedimentary drape and lower
backscatter intensities relative to each other. Macroscopic core descriptions do not indicate
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strong differences in mud-breccia clast content or grain size over the different mudflows.
Instead, the mudflows show a general trend of decreasing backscatter intensity with
increasing hemipelagic sediment cover (Fig. 6.5). It is concluded that predominantly the
burial by hemipelagic sediment is influencing backscatter intensity when imaging mud
breccia deposits.

6.6.2. Bedforms in Squillace Canyon and interactions with Venere MV

6.6.2.1. Sediment waves and cyclic steps

The southern levee of Squillace Canyon is characterized by large-scale sediment waves
showing parallel and continuous reflections (Fig. 6.6, profiles A—B, C-D, E—F) composed of
gravity-flow deposits (GeoB19279-1). These sediment waves are attributed to repeated
gravity-driven sediment transport events overspilling the channel levee, rather than to be the
result of bottom currents. Similar sediment waves are known from other turbidite systems
along submarine canyons (Normark et al., 2002), such as the Monterey Canyon (Normark et
al., 1980), the Var turbidite system (Migeon et al., 2000), the Bounty Channel east of New
Zealand (Carter et al., 1990), or the northern South China basin (Damuth, 1979). The
overbank deposition of sediment onto the channel levees requires overspilling of a
channelized flow (Peakall et al., 2000) whereby the upper, fine-grained sediment load of
turbidity currents overspills the channel (Komar, 1973; Piper and Normark, 1983; Migeon et
al., 2000). Contrastingly, medium- and small-scale waves (Figs. 6.8a and 6.9a) are present
along the thalweg of the southern channel and the MV caldera, where they are composed of
normally graded sand deposits (GeoB21309-1 and 21326-1). This implies transport and
deposition of a coarse-grained sediment fraction inside the confinement of the channel
(Migeon et al., 2000; Symons et al., 2016). Typically, such small-scale sediment waves result
from density-stratified flows under confined settings, which deposit coarse sediments from
dense basal layers (Symons et al., 2016). The medium- and small-scale sediment waves
show downslope asymmetry (Fig. 6.8a, profile A—B and Fig. 6.9a, profile A-B), similar to so
called cyclic steps (Taki and Parker, 2005; Symons et al., 2016). Cyclic steps may form
during turbidity currents at a hydraulic jump (i.e. where a supercritical flow transitions to a
subcritical state), with sediment deposition along the stoss side and erosion along the lee
side of bedforms (Taki and Parker, 2005; Kostic et al., 2010). The change in slope from the
gently dipping channel thalweg (0.4°) compared to the flat caldera floor (0.1°; Fig. 6.6, profile
G-H) may have favored the development of hydraulic jumps. Decreasing wave-lengths and
heights of these waves indicate a reduction in current speed and increased sediment
deposition as flows traverse the caldera floor. At Venere MV, these processes are interpreted
to have caused the partial infilling of the caldera and sediment ponding at the foot of the 11—
42 m high eastern caldera edge (Fig. 6.6, profile K—L).
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Figure 6.8. Detailed bathymetric maps and corresponding interpretations of seafloor structures to indicate
the relative age relationships between bedforms, see index map in bottom right for locations; a: Mudflows
with furrowed surfaces overlain by younger mudflows without furrows and bathymetric-topographic cross-
section of sediment waves on the caldera floor; b: Mudflows with furrowed surfaces overlain by younger
mudflows without furrows and sediment waves on the caldera floor; note gryphon-cone in upper right corner
c: Scours, partially filled-in by mudflows, along the northern channel of Squillace Canyon and furrows cross-
cutting mudflows along the northern slope of Venere MV.
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Figure 6.9. Detailed bathymetric maps, corresponding interpretations, and bathymetric-topographic cross-
sections of seafloor structures in the study area, see index map on right side for locations; a: Scour at
downslope edge of caldera giving way to medium-scale sediment waves, which are overprinted by small-
scale sediment waves; b: Crescent-shaped scours (black lines mark headwalls) along northern channel of
Squillace Canyon; c: Furrows (black lines) covering the southern levee of Squillace Canyon and scarps
(red lines) from levee-flank collapse.
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6.6.2.2. Crescent-shaped scours

Bedforms of negative morphology with crescent-shaped headwalls (Figs. 6.8a, 6.9a and b),
here referred to as scours, are characterized by erosive lee sides similar to cyclic steps
(Cartigny et al., 2011; Paull et al., 2013; Symons et al., 2016). The formation of scours is
disputed in the literature but it has been hypothesized that a continuum exists between
depositional sediment waves, erosive or depositional cyclic steps, and cyclic scours as the
most erosive endmember (Symons et al., 2016). Scours in the surrounding of Venere MV are
interpreted to document the erosive capacity of gravity-driven processes transporting
sediment through Squillace Canyon. Scours and sediment waves overprinting each other
along the northern channel (Fig. 6.8c) indicate different generations of scour formation.
Crescent-shaped bedforms have been found to remain at similar positions after successive
sediment transport events (Paull et al., 2010) and can persist for thousands of years
(Macdonald et al., 2011). Different generations of scours along the northern channel of
Venere MV are interpreted to result from recurrent gravity-driven sediment transport events,
which have spilled from the main channel into the northern channel. Overspilling flows are
capable of forming trains of erosive and depositional cyclic steps outside of turbidite
channels (Fildani et al., 2006; Lamb et al., 2008; Kostic, 2011). The overspilling of flows
typically occurs at sharp bends or channel meanders, too strongly curved for the flows to
traverse so that their upper parts abandon the channel (Peakall et al., 2000; Fildani et al.,
2006; Lamb et al., 2008). In Squillace Canyon, however, the scours do not occur at a bend or
major change in channel curvature. In contrast, it is inferred that the edifice of Venere MV at
this location acts as an obstacle to the gravity-driven flow and facilitates bifurcation or partial
deflection of turbidity currents to the northern channel.

The formation of seafloor scours can also result from the excavation of initial seabed defects
by erosive flows or from hydraulic jumps, typically where there is a break in slope or where
the flow can expand (Taki and Parker, 2005; Paull et al., 2010; Symons et al., 2016). The
complex scour along the southern rim of the caldera of Venere MV (Fig. 6.9a) may have
resulted from a combination of these mechanisms. Over time and continued extrusive activity
at Venere MV, caldera subsidence was linked to movement along ring faults (Loher et al., in
review (JMPG)). It is interpreted that the ring faults at the caldera edge presented an
initiation zone for scour development. Gravity-driven sediment transport events may have
partially filled the subsiding caldera and continued to erode the outer edge of the caldera,
creating a morphological step (>30 m high, Fig. 6.9a, profile A—B) in the southern channel.
Numerical simulations of turbidity currents cascading over a morphological escarpment have
shown that the deposition of sand may not only occur at the toe of such a morphology but
also along the upper edge (Ge et al., 2017). A hydraulic jump zone may develop at the toe,
scouring sedimentary beds at the foot of the escarpment (Breda et al., 2007; Ge et al., 2017),
a process similar to the formation of submarine plunge pools (Lee et al., 2002). This step in
Squillace Canyon is inferred to promote a hydraulic jump in recurrent turbidity currents and
the development of a complex scour extending along the caldera edge.
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6.6.2.3. Furrows

Furrows are interpreted to be the result of either bottom currents capable of reworking
seafloor sediments (Posamentier and Kolla, 2003; Eddy Lee and George, 2004) or erosion
during gravity-driven sediment transport processes (e.g. Migeon et al. (2001)). The most
pronounced furrows are observed on the large-scale sediment waves at the southern levee
of Squillace Canyon (Fig. 6.9c) and they are similar to other furrows on sediment waves in
turbidity-current overbank deposits (Migeon et al., 2001; Trincardi et al., 2007). Their
orientation parallel to the channel shows that they resulted from gravity-driven flows or
currents traversing the overbank top along Squillace Canyon. Their expression is
pronounced on the lee slopes of the waves, indicating that they resulted from flows or
currents, which accelerated as the height of the sediment wave increased, inducing erosion
or non-deposition on the crest and lee side of the wave where flow velocities typically are
highest (Migeon et al., 2001).

Along the flanks of Venere MV (Fig. 6.8) furrows are shorter and more irregular than on the
levee. It is inferred that erosive furrowing of the seafloor by gravity-driven flows confined to
the channel caused these bedforms. It has been proposed that seafloor furrows can be
created by coarse grained sediments or cohesive sediment blocks flushed along the canyon
as bedload of flows (Flood, 1983, 1994; Canals et al., 2006; Lastras et al., 2009). The overall
orientation of furrows around Venere MV indicates flow directions to the northeast and east
along the northern slopes (Fig. 6.8c) and to the southeast and east along the southern
slopes (Figs. 6.8a and b) of the cones. Divergent furrow patterns have been argued to
indicate flow spreading in unconfined or overspilling gravity-driven flows (Migeon et al., 2001;
Posamentier and Kolla, 2003). In this study, the most pronounced pattern of divergent
furrows is observed along MV flanks in the northern channel (Fig. 6.8c). It is inferred that
flows spilling from the main channel into the northern channel spread partially over Venere
MV and that the MV edifice has acted as an obstacle for gravity-driven flows within Squillace
Canyon and diverted them along its flanks. Furthermore, elevated backscatter intensities
characterize these furrowed MV slopes, where the morphologies of mudflows are poorly
preserved. MV flanks facing into the channel represent “cut slopes” during gravity-driven
sediment transport processes. In contrast, mudflows along slopes facing downslope or away
from the channels generally show better morphological preservation because they are less
obliterated by erosive processes in Squillace Canyon. Erosion along the southern MV flanks
could explain the asymmetric morphology and steeper southward slopes observed at the two
cones (Fig. 6.6, profiles C-D, E—F; Fig. 13.3 in supplements Chapter 13.2).

6.6.3. Mud volcano dynamics

The volumes of the eastern and western MV cones could be estimated at ~0.083 km?® and
~0.095 km?3, respectively, by calculating the volume between the seafloor bathymetry of 2016
and an inferred reference plane without the cones. The combined edifice volume (~0.178
km?) is about half of the Touragay MV in Azerbaijan presumed to be one of the largest MVs
on land (ca. 0.343 km?; (Mazzini and Etiope, 2017)). The edifice volume only represents a
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fraction of the total amount of material extruded during the lifetime of Venere MV, as total
volumes (including buried deposits) are typically several orders of magnitude larger and have
been found to be 0.1-3.3 km? for MVs in the Eastern Mediterranean (Kirkham et al., 2017),
3.4-14.6 km?® for the Napoli and Milano MVs on the Mediterranean Ridge (Kopf, 1999)
and >22 km? for one of the largest MVs in the Caspian Sea (Davies and Stewart, 2005).

The caldera of Venere MV is ca. 3000 m in diameter (Fig. 6.2) and its walls measure heights
from 11-42 m in the east (Fig. 6.6, profile K-L) and <1 m in the south and west (Fig. 6.9a,
profile A-B). Assuming an average and symmetric caldera subsidence on the order of 25 m
and given the caldera diameter of ca. 3000 m, this conceptual caldera corresponds to a
cylinder-shape with the same volume as the MV edifice. Due to compaction, loss of pore
fluids upon extrusion, interbedded marine sediments, and caldera infilling, these estimates
are subject to large uncertainties. Nevertheless, they suggest the same order of magnitude
between subsurface sediment mobilization, edifice build-up, and caldera subsidence. Some
of the extruded material may have been removed by episodic erosive processes occurring in
Squillace Canyon. This is supported by the asymmetric shape of the MV-edifice (Fig. 6.6
profiles C-D, E—F) and the furrows along the southern and south-eastern flanks of Venere
MV interpreted to result from gravity-driven sediment transport processes along Squillace
Canyon, but additional sediment removal by bottom currents could have contributed to this
effect.

Mudflow pathways clearly shifted direction several times throughout the last ~882 years at
the western cone (Fig. 6.3d), covering all directions around the summit and ~40% of the total
surface of the western cone. This is attributed to the fact that mudflows tend to follow the
prevailing slopes (e.g. Graue (2000)), which may change through time. The cumulative
volume of mudflows extruded during the last ~882 years was conservatively estimated at ~24
million m*® (Table 6.2), by calculating the volume between the seafloor bathymetry of 2016
and an inferred reference plane underlying each flow. This volume corresponds to ~32% of
the western cone (~0.095 km?®) or ~15% of the total edifice volume (~0.178 km?) of Venere
MV. The estimated amount of extruded material since ca. 206 years ago (comprising the
flows of 0-29, 11-29, and 11-88 years in age, Fig. 6.3d) contributed ~10 million m3 (Table
6.2), corresponding to ca. 12% of the western cone and ca. 5% of the total edifice of Venere
MV in 2016.

Volume estimates of individual, catastrophic eruptions exist for studies of MVs on land with
discharge on the order of several hundred thousand m? (Deville and Guerlais, 2009) to over
one million m* of mud breccia (Dimitrov (2002) and sources therein). At Venere MV, the
mudflows consist of multiple sheets of mud breccia stacked on top of each other. These
composite mudflows suggest that material was extruded in pulses of moderate amounts,
rather than in catastrophic, singular events. Venere MV may be similar to the “growing diapir-
like” type of MVs where extrusive activity is thought to be continuous over time with moderate
extrusion rates squeezing out tens of cm to several meters per year, due to persistently high
overpressures in the subsurface (Mazzini and Etiope, 2017). Whereas the durations of the
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extrusive events are not known for Venere MV, minimum rates of extrusion could still be
estimated for mudflows at the western cone. This was achieved by assuming that mudflows
were extruded consecutively (mudflow groups I-V in Table 6.2) and by considering the
maximum age differences between groups of mudflows for which the emplacement ages had
been determined (Table 6.2). The rates ranged from 5000 m®/year to 47000 m®year with an
average of 27000 m®/year over the last ~882 years. These values are 2-3 orders of
magnitude lower than estimates from the onshore Lusi structure (Indonesia) were during ca.
eight years of eruptive activity >90 million m* of mud breccia (i.e. >10 million m®/year; (Tingay,
2015)) resulted in an average of ca. 30000 m3/day (with maximum rates of 170000 m3/day
(Mazzini et al., 2007)). Rates similar to Venere MV have been derived for the submarine
Hakon Mosby MV, where volumes of mass outflow have been estimated to vary from 10000
to 30000 m®/year (Kaul et al., 2006), or for the Milano and Napoli MVs with 2000 to 8000
m?3/year and 6000 to 15000 m?/year (Kopf, 1999; Wallmann et al., 2006).

Assuming that methane constitutes 98.5 vol-% of the total gas in extruded mud breccia and a
minimum gas-sediment ratio of 3.68 for surface near sediments of a fresh mudflow (Loher et
al., in review (JMPG)) the minimum (i.e. 5000 m®year) and maximum (47000 m%/year) mud
breccia extrusion rates can be translated to methane volumes of 18100 m®/year and 170000
m?3/year, respectively. This corresponds to minimum amounts of extruded methane of 12—-114
t/'year. Compared to estimates of methane emissions of 10—1000 t/year from individual MVs
onshore (Etiope and Milkov, 2004), or 90—100 t/year for the Hakon Mosby MV (Ginsburg et
al., 1999) the values of this study are of a similar order of magnitude but at the lower end of
the range.

Ring faults forming the caldera have been shown to act as migration pathways for fluids and
hydrocarbons, sustaining chemosynthetic life and causing the precipitation of authigenic
carbonate crusts up to 20 cm thick, at several sites along the periphery of Venere MV (Loher
et al.,, in review (JMPG)). This implies that the ring faults had to be developed prior to the
onset of precipitation of the carbonates. Growth rates of authigenic carbonate at Venere MV
are not known but numerical models of seeps on Hydrate Ridge, Cascadia Margin, have
estimated growth rates at up to 5 cm/kyr for such structures (Luff and Wallmann, 2003).
Assuming a similar growth rate, the precipitation of a 20 cm thick carbonate crust took at
least 4000 years supporting the hypothesis that ring-fault related seepage occurred at least
4000 years ago. These estimates are similar to the ages of mudflows at the western cone
(Fig. 6.3d, Table 6.1). It is hypothesized that throughout the last 4000 years at least, mud
breccia extrusion co-existed with hydrocarbon seepage at the ring faults.

The mud breccia extrusion rates and methane fluxes estimated for Venere MV support
results of burial depths and derived ages of mud breccia emplacement, which point to
moderate extrusive activity, possibly persistent throughout the last ~882 years, compared to
discharge estimates for calm periods of mud volcanism as e.g. compiled by Dimitrov (2002).
These findings are in agreement with the conceptual model of activity at Venere MV
proposed by Loher et al. (in review (JMPG)) who propose that high subsurface pore fluid
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pressures maintained a pressurized state of the MV system and sustained continuous
extrusive activity and discharge of mud breccia, gas and pore waters coevally. It is
acknowledged that the extrusive dynamics of MVs can be governed by short term (days to
years) of cyclic build-up of excess pore pressure at depth (Deville and Guerlais, 2009) but
the results of this study indicate that an overall pressurized state of activity may be sustained
over at least several hundred years.

Table 6.2. Groups of mudflows (I-V) in overall stratigraphic order with contributing sediment cores (GeoB-
identifiers) and their age estimates. The maximum relative age difference between the mudflow groups
could be determined. Minimum volumes for these mudflow groups were estimated based on the AUV-
derived bathymetry data. Dividing the volume estimate by the respective age differences allows minimum
order of magnitude estimates for the extrusion rates during the respective mud breccia outflows.

Maximum age Estimated
GeoB-No. Mudflow |difference (a) Estimated |min.
Mudflow |of relevant |Age Age group age [between mudflow volume extrusion
group cores min. {(a) |max. {a) |(a) STOUpPS (*10°m®) |rate (m’/a)
21322-1 0 0
21305-1 0 12
D 21337-1 0 29] 0-88
21339-1 11 29
21338-1 11 88
I-IT: 206 10 47000
21341-1 79 176
D 13100 132 206 720
IT-IIT: 215 1 5000
1y [21307-1 158] 294] 158-294
ITI-TV: 430 4 9000
21315-1 211 471
21317-1 263 353
V) 213141 263 A71| 211-588
21318-1 316 412
21308-1 421 588
IV-V: 671 9 14000
V) [21320-1 684] 88| 684-882
Sum: I-V: 882 24 @ = 27000
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6.6.4. Three-stage evolutionary model of Venere

Based on the stratigraphic order of mudflows and the relationships between bedforms, a
three-stage evolutionary model of the surface expression of Venere MV and surrounding
Squillace Canyon is proposed (Fig. 6.10).

6.6.4.1. 1) Extrusive activity at the eastern cone

At the time of the oldest mudflows documented in this study (4500—4000 years ago; Fig. 6.3d)
the edifice of Venere MV is inferred to have consisted of the eastern and a smaller western
cone (Fig. 6.10 part I). This is based on an estimate of the total minimum time required for
the growth of the western cone (~0.095 km?® at an averaged extrusion rate of 27000 m?/year),
resulting in an age of ~3500 years, and based on the extent of elevated backscatter
intensities on the ship-derived data. Seafloor morphologies, backscatter intensities, and
burial amounts of mudflows at the eastern cone document that mud breccia extrusion
occurred in a phase of activity between ca. 4000 years ago until ca. 2200 years ago (Fig.
6.3d). This phase is similar in age to mudflows cored at two cones and the caldera of the
Madonna dello lono MVs (Praeg et al., 2009), with an estimated age of emplacement within
the last 4800 to 2500 years (Ceramicola et al., 2014b). For the Pythagoras MV, located on
the fold-and-thrust belt near the Calabrian Escarpment (Fig. 6.1c), the latest mud extrusions
are indicated during 1400 to 3800 years by buried mudflows (Ceramicola et al., 2014b).
These results suggest that MV activity in the CAP was coeval and distributed across
numerous extrusive features.

Several seafloor depressions resembling denudated scours pre-date these mudflows (Fig.
6.8c). They are inferred to have resulted from gravity-driven sediment transport processes in
Squillace Canyon eroding into the MV flanks. Subsurface sediment mobilization and edifice
build-up, promoting surface loading, is inferred to have resulted in caldera subsidence and
the development of ring faults. The disruption of surface-near sediments by the ring-faults
may have promoted sediment scouring at the caldera edge (Fig. 6.9a) by recurrent gravity-
driven sediment transport processes. The presence of authigenic carbonates and their
thickness can be related to the duration and intensity of the hydrocarbon seepage (Buerk et
al., 2010) and indicate that gas discharge at the peripheral seeps was already active during
this phase (Fig. 6.10 part I). With the onset of a quiescent phase at the eastern cone after ca.
2200 years ago, fluid or minor mud breccia extrusions seems to have occurred at gryphons
along the southern flank of the eastern cone. At the western cone, no mudflows of
comparable age were recognized and it remains unclear if mud extrusion co-occurred at the
western cone and was later completely covered by successive mudflows, or if the western
cone was inactive during this phase.

6.6.4.2. Il) Sediment transport around the MV cones

Seafloor furrows from gravity-driven sediment transport processes along Squillace Canyon
not only overprint buried mudflows at the western cone and the gryphons (Figs. 6.8b and c),
but also seafloor underlying the oldest mudflows (684-882 years and 421-588 years, Fig. 6.3)
at the western cone (Fig. 6.8a). This constrains the timing of at least some of the erosive
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events to a phase after the last mudflows from the eastern cone and prior to the investigated
mudflows at the western cone (Fig. 6.10 part Il). Whereas evidence of repeated turbidite
events at the Calabrian-lonian margin have been linked to seismic shaking by earthquakes
throughout the last two millennia (Polonia et al., 2015), this study did not resolve whether
earthquake activity triggered mud breccia extrusion or increased fluid flow at Venere MV.

The southern channel is more deeply incised, than the northern channel (Fig. 6.6, profile A—
B), suggesting this to be the predominant transport pathway of sediments along the lower
section of Squillace Canyon. The orientation of furrows, trains of cyclic steps and sediment
waves indicate that gravity-driven sediment transport processes were deflected around the
flanks of the MV cones and that sediments were deposited in the MV caldera or spilled over
the channel levees. Scours and furrows were observed cutting into the flanks of the MV (Fig.
6.8), eroding the edifice morphology asymmetrically (steeper towards the southern channel,
Fig. 6.6, profiles C-D and E-F).

Cold seeps in an erosive environment in canyons offshore Nicaragua, have been found to
consolidate slope sediments on mound structures by carbonate cementation, lack
sedimentary cover, and be increasingly resistant to erosion (Buerk et al., 2010). A similar
mechanism is envisaged for the peripheral seeps at Venere MV in order for them to
persevere during the sediment transport events.

6.6.4.3. lll) Extrusive activity at the western cone

Whereas erosion potentially facilitated the release of overpressured fluids and mud breccia
from below seafloor, it remains unclear when the onset of the most recent phase of activity at
Venere MV occurred. At least, it consists of mud breccia extrusion from the western cone
~882 years ago until 2016 (Fig. 6.10 part Ill). These mudflows cover ca 40% of the surface of
the cone, mainly along the steeper flank towards the south. Ages of the flows (Table 6.1)
indicate consecutive extrusion events that formed composite flows. The morphologies,
distribution, and estimated extrusion rates (Table 6.2) suggest continuous mud breccia
extrusion throughout this phase and the extrusion of fresh mud breccia or at least the
downslope movement of mobile material along a still active mudflow by 2016 (Fig. 6.7).
Continued caldera subsidence is inferred to have caused movement at ring faults, offsetting
surface-near sediments and mudflows along the periphery of Venere MV. The cold seeps
along peripheral ring faults and the exposed thickness of authigenic carbonates document
that mud breccia extrusion was accompanied by gas discharge (Fig. 6.6) during this phase.
Furthermore, the occurrence of sand layers in sediment cores from the MV caldera suggest
gravity-driven sediment transport processes at ca. 421-647 years ago (Table 6.1), i.e. during
this phase. Sharply truncated furrows and collapse scarps at the southern edge of Squillace
Canyon (Fig. 6.9¢) indicate unstable channel flanks due to erosion of the levee edge, and
widening of the channel.
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Figure 6.10. Three-stage evolutionary model of Venere MV and surrounding Squillace Canyon: ) Mud
breccia extrusion at the eastern cone and peripheral seepage (ca. 4000-2200 years); IlI) Erosive processes
at >882 years ago cause scours and seafloor furrows in old mudflows and the channel beds; Ill) Moderate
but continuous mud breccia extrusion and peripheral gas release since ~882 at the western cone up to
2016.

6.7. Conclusion

Ship- and AUV-derived seafloor bathymetry and backscatter data, as well as sediment cores
of Venere MV and Squillace Canyon, Central Mediterranean, have been analyzed.
Interactions between mud volcanism (mud breccia extrusion, gas seepage, caldera
subsidence and ring faulting) and erosive as well as depositional sedimentary processes
(sediment wave-, scour- and furrow-formation) could be identified. The morphology of
Venere MV shows signs of erosion by scour- and furrow-formation and sediment deposition
on its flanks and in the caldera. Erosion and deposition were attributed to the repeated
activity of gravity-driven sediment transport processes along Squillace Canyon. These
observations support the interpretation that the twin-cone edifice of Venere MV obstructed
and diverted gravity-driven flows, which were taking place within Squillace Canyon and
facilitated the spilling of sediments across the channel levees. The presence of the MV
edifice, caldera and ring faults are inferred to have influenced the flow-dynamics in the
canyon by favoring the development of hydraulic jumps, e.g. at the edge of the MV caldera.
Based on a tephra layer (1700-1900 years), sedimentation rates of 0.17-0.19 mm/year have
been determined for the study area and constrain ages of hemipelagic sediments overlying
mud breccia deposits. Cores of mudflows allowed investigating the extrusive activity of
Venere MV and its evolution, summarized in a three-stage model spanning the last 4000
years. In the first stage, mudflows were extruded from the eastern cone and were
accompanied by gas release at peripheral seeps throughout a phase of activity that lasted at
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least since 4000 years ago until 2200 years ago. Activity ceased about 2200 years ago at the
eastern cone and in the second stage, gravity driven sediment transport processes swept
along Squillace Canyon. The third stage represents the last ~882 years of extrusive activity
at the western cone, with gas release at peripheral seeps and mud movement persisting in
between 2014 and 2016. It is estimated that MV growth on the order of 15% of today’s total
edifice volume occurred via mudflows during the last ~882 years at an average extrusion rate
of 27000 m*/year. Mud breccia extrusion at these rates coeval with caldera subsidence and
gas release, are best explained by excess pore fluid pressures persisting in the subsurface
plumbing system. Instead of violent, short lived eruptions, the activity at Venere MV consists
of a state of pressurized activity sustaining moderate extrusions over timescales of hundreds
of years. The fresh mudflows and ongoing gas release in 2016 suggest that Venere MV
represents one of the most active MVs on the CAP even with respect to other MVs in the
forearc basins.
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7.1. Abstract

Sites of methane release at the seafloor are linked to the establishment of chemosynthesis-
based ecosystems and the precipitation of authigenic carbonates. It has been proposed that
cold seeps undergo self-sealing by carbonate growth, but little is known regarding their
morphological evolution in relation to fluid migration pathways. In this study, multibeam
micro-bathymetry and backscatter data are used together with photo mosaics, seafloor video
observations, and samples to investigate structures resulting from gas seepage along faults
peripheral to Venere mud volcano, in the central Mediterranean Sea. Sites of focused fluid
flow are marked by gas bubble streams rising from the seafloor and the occurrence of
chemosynthesis-based organisms (microbial mats, Vesicomyid clams, Vestimentiferan tube
worms) over wider areas indicate anaerobic oxidation of methane. A range of carbonate
structures is observed at these sites: 1) flat and extensive pavements, 2) mounds with
disseminated nodules or cm-thick crusts, 3) fractured mounds with exposed, dm-thick crusts,
and 4) seafloor depressions lined by dm-thick crusts. A conceptual model is proposed for the
evolution of these peripheral seeps, in which plain seepage through hemipelagic sediments
leads to the establishment of microbial mats on flat seafloor. It is followed over decadal
timescales by the growth of pavements cemented by carbonates that seal the seafloor; over
longer timescales (hundreds to thousands of years), subsurface pressure build-up leads to
upward doming, fracturing and in some case to the collapse of carbonate mounds. Seepage
through fractures allows re-sealing and provides habitats for colonization by chemosynthesis-
based fauna. This scenario is suggested to be generally applicable to the development of
ruptured mounds and collapse features described at other seepage sites, including in the
eastern Mediterranean Sea.

7.2. Introduction

The migration, accumulation, and seepage of hydrocarbon-rich fluids in marine sediments at
cold seeps have been linked to the development of a variety of seafloor morphologies,
including flat pavements (Himmler et al., 2011; Rémer et al., 2014), mounds (Bahr et al.,
2007; Buerk et al.,, 2010; Rémer et al., 2014; Koch et al., 2015), pockmarks (Judd and
Hovland, 2007), and mud volcanoes (MVs; (Kopf, 2002)). Fluid flow at cold seeps involves
the upward transport of methane in dissolved form or as gas bubbles where hydrocarbon
concentrations exceed saturation (Boudreau et al., 2001; Rémer et al.,, 2014). Dissolved
methane is oxidized by microbes either aerobically near the sediment-water interface or
anaerobically in the subsurface, typically using sulfate as the electron acceptor (lversen and
Jorgensen, 1985; Boetius et al., 2000). Anaerobic oxidation of methane (AOM) leads to an
increase in dissolved sulfide, which in turn provides energy for chemosynthetic symbionts
and allows the establishment of oasis-type ecosystems at cold seep sites (Paull et al., 1984;
Sibuet and Olu, 1998; Boetius et al., 2000; Sahling et al., 2002; Niemann et al., 2006). AOM
further increases the pore water alkalinity, promoting the precipitation of authigenic
carbonates (Aloisi et al., 2000; Luff et al., 2004; Bayon et al., 2009; Himmler et al., 2011;
Himmler et al., 2015). Methane-derived authigenic carbonate is characterized by 'C-
depleated carbon isotope values and its presence in the sediment record documents
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episodes of past fluid flow (Teichert et al., 2003; Formolo et al., 2004; Naehr et al., 2007;
Bayon et al., 2009; Himmler et al., 2015).

Gas bubble emissions from the seafloor give rise to hydroacoustic high-backscatter signals
in the water column, referred to as flares, that are reliable indicators of active seepage sites
(Nikolovska et al., 2008; Philip et al., 2016; Rémer et al., 2016). Sites of seafloor fluid
discharge may also be identified as distinctive positive or negative morphologies that result
from sediment deformation or extrusion or a combination (Dillon et al., 2001; Buerk et al.,
2010; Romer et al., 2012a; Ceramicola et al., 2014b; Rémer et al., 2014), although not all
cold seep expressions have distinct morphologies (Suess et al., 1999; Klaucke et al., 2006;
Roémer et al., 2012b). However, the most common expression of seepage, i.e. carbonate
crusts, biological communities, the presence of free gas or gas hydrates at or near the
seafloor, as well as mud breccia outflows, are typically characterized by anomalous
backscatter signatures in swath sonar data (Volgin and Woodside, 1996; Klaucke et al., 2006;
Gay et al., 2007). Accurate mapping of seepage-influenced seafloor morphologies requires
state-of-the-art echosounder technologies, typically mounted on autonomous or remotely
operated underwater vehicles (AUVs or ROVs; (Rémer et al., 2012a; Mascle et al., 2014;
Pierre et al., 2014; Romer et al., 2014; Paull et al., 2015a; Philip et al., 2016; Rémer et al.,
2016)). In deep-sea settings, visual documentation of the mapped extent of seepage
structures and sites of fluid emission is available from only a few studies (e.g. Jerosch et al.
(2007) or Marcon et al. (2014a)) and is restricted to narrow strips or spots, for example
where video sleds have been towed across large targets (Greinert et al., 2002; Mazzini et al.,
2008; Naudts et al., 2008; Sahling et al., 2008a; Sahling et al., 2008b; Naudts et al., 2010;
Panieri et al., 2017).
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Figure 7.1. a: Location of the Calabrian Accretionary Prism (CAP) within the central to eastern
Mediterranean subduction system (teethed lines indicate plate boundaries); b: Location of Venere MV (red
star) on the inner CAP relative to its main morpho-structural zones (CE = Calabrian Escarpment; see text
for references); bathymetry from EMODnet, www.emodnet.eu/bathymetry), topography of Italy (Ryan et al.,
2009); c: AUV-derived backscatter draped on bathymetry of Venere MV and locations of peripheral seeps
(Sites 1, 2, 4, 5) investigated in this study; Site 3 (black dot) marks the western summit of Venere MV (not
investigated here); d: Perspective view of Venere MV (based on AUV-derived bathymetry) with
hydroacoustic anomalies in the water column (flares in red-yellow colors) corresponding to Sites 1-5.
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The precipitation of carbonate reduces the permeability of sediments (Luff and Wallmann,
2003; Bahr et al.,, 2007) and over time has the potential to seal fluid migration pathways
(Hovland, 2002; Bayon et al., 2009). Sediment permeability can also be reduced by the
formation of gas hydrates (Sassen et al., 2004; Romer et al., 2012a), which may form within
the upper hundreds of meters below seafloor where the required pressure, temperature, and
salinity conditions are met and where pore fluids are oversaturated in methane (Kvenvolden,
1988; Bohrmann et al., 1998; Egorov et al., 1999; Ginsburg et al., 1999; Pape et al., 2010;
Pape et al., 2011b; Rémer et al., 2012a). The rapid growth of gas hydrates in response to a
supply of hydrocarbon-rich fluids may modify migration pathways and lead to hydrate
dissolution due to localized methane undersaturation, a process argued to contribute to
sediment deformation and pockmark formation (Sultan et al., 2014). Dissolution of gas
hydrates in near-surface sediments provides a diffusive methane supply towards the water
column, which is undersaturated in methane (Egorov et al., 1999; Sahling et al., 2002;
Sassen et al., 2004). Hydroacoustic observations of gas flares at the edges of high
backscatter patches has been inferred to indicate gas bubble release at the edges of
carbonate pavements (Naudts et al.,, 2008; Naudts et al.,, 2010; Rémer et al., 2014) or
shallow gas hydrate accumulations (Rémer et al., 2012a) which form a seal above the main
fluid migration pathway. Persistent fluid flow and trapping of gas below carbonate-seal
structures may cause pore fluid pressures to rise, leading to brittle deformation and fracturing
(Bahr et al., 2010). Such a process could account for the common observation of cold-seep
organisms along fractures in carbonate pavements (e.g. Rémer et al. (2012a)). Several
studies have proposed an evolutionary scheme for the self-sealing mechanism of cold seeps
(Hovland, 2002; Bayon et al., 2009) or in which seal formation is followed by fracturing (Bahr
et al., 2010) and subsequent pockmark formation (Hovland et al., 1987; Matsumoto, 1990;
Marcon et al., 2014a). Testing of such an evolutionary scheme remains limited by the lack of
a detailed understanding of the spatial distribution and variability of seafloor features in cold
seep settings supported by systematic visual documentation and ground-truthing.

In this study, submarine cold seep environments are explored both visually and
hydroacoustically at examples resulting from gas seepage at Venere MV, located in the
Calabrian Accretionary Prism (CAP) in the central Mediterranean Sea (Fig. 7.1a). Seepage
structures are examined at high spatial resolution, using photo-mosaics and seafloor
observations made with remotely-operated vehicles (ROVs), complementary to multibeam
bathymetric and backscatter datasets obtained using autonomous underwater vehicles
(AUVs) in 2014 and 2016 (Loher et al., in review (JMPG)). These observations are ground-
truthed by geological sampling and compositional and isotopic analyses of carbonate
material. Our findings provide new insights into the development of cold-seep environments
and allow us to propose a conceptual model for their evolution over decadal to millennial
timescales, of general applicability to deep-sea settings.
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7.3. Background

7.3.1. Geological setting

The CAP lies above the Eurasian-African subduction zone (Fig. 7.1a) and its Neogene
development is the result of the SE rollback of a NW-dipping Tethyan lithospheric slab that
has undergone fragmentation and narrowing to its present width of 300 km (Malinverno and
Ryan, 1986; Dewey et al., 1989; Gueguen et al., 1998). Subduction has slowed to plate
convergence rates of 2-5 mm/year following a tectonic reorganization c. 0.8-0.5 Ma (Devoti
et al.,, 2008; D'Agostino et al., 2011), which also marked the onset of km-scale uplift of
Calabria (Westaway, 1993; Monaco and Tortorici, 2000; Antonioli et al., 2006; Zecchin et al.,
2011). The CAP consists of an accreted thrust-stack of pre-Mesozoic metamorphic
basement and Mesozoic-Cenozoic strata (Gueguen et al., 1998; Van Dijk et al., 2000;
lannace et al., 2007), overlain by forearc basins that contain strata dating back to the
Miocene (Roda, 1964; Rossi and Sartori, 1981; Zecchin et al., 2015). Landward of the lonian
abyssal plain, the CAP can be subdivided into three main morpho-structural domains (Fig.
7.1b): 1) an outer post-Messinian wedge (hosting Messinian evaporites), 2) an inner pre-
Messinian wedge (hosting mainly clastic sediments), and 3) forearc basins both offshore
Calabria, and uplifted onshore (Rossi and Sartori, 1981; Minelli and Faccenna, 2010; Polonia
et al., 2011; Ceramicola et al., 2014b; Gutscher et al., 2017). Regional unconformities within
the onshore basins have been traced offshore on seismic profiles and are interpreted to
record prism-wide tectonic reorganizations linked to episodic subduction zone retreat in the
mid-Pliocene and in the Pleistocene (Zecchin et al., 2012; Zecchin et al., 2015).

At least 53 MVs have been identified across the internal CAP and within its forearc basins
the majority located within the inner wedge and the forearc basins (Ceramicola et al., 2014b;
Loher et al., in review (JMPG)). Numerous MVs occur in association with post-Messinian out-
of-sequence thrust faults mapped across the CAP or within the forearc basins (Praeg et al.,
2009; Minelli and Faccenna, 2010; Ceramicola et al., 2014b; Gutscher et al., 2017). Mud
volcanism in the CAP is suggested to have been triggered by a mid-Pliocene tectonic
reorganization (ca. 3.5 Ma ago; (Praeg et al., 2009)), while high acoustic backscatter
signatures from most MVs on the CAP implies them to have extruded mud breccia within the
last 56 ka (Ceramicola et al., 2014b). Evidence of active gas seepage in the CAP is so far
limited to MVs located in the forearc basins (Foucher et al., 2009; Praeg et al., 2009;
Ceramicola et al., 2014b; Loher et al., in review (JMPG)).

7.3.2. Venere MV

At Venere MV (discovered by Ceramicola et al. (2014b)) mud breccia extrusion and gas
release has been documented (Loher et al., in review (JMPG)) and confirmed by repeated,
AUV-based bathymetric mapping (Loher et al., in review (G3)). Venere MV consists of a twin-
cone edifice rising ~100 m from the seafloor in ~1600 m water depth (Fig. 7.1c+d). Loher et
al. (in review (JMPG)) describe the extrusion of warm mudflows from the summit of the
western cone, consisting of exposed mud breccia with gas-rich, mousse-like sediment
textures. Pore water in the mud breccia contain chloride concentrations strongly depleted

108 Markus Loher



7. Manuscript lll: Seafloor sealing, doming, and collapse

relative to ambient bottom water values and consistent with clay-mineral dehydration
reactions at kilometer-scale depths as a fluid source. Venere MV is characterized by inward
dipping ring faults defining a sub-circular subsidence caldera up to 3 km in diameter (Fig.
7.1c+d). Four peripheral seeps have been identified along these ring faults based on the
release of gas bubbles into the water column, the presence of authigenic carbonates, and
chemosynthesis-based ecosystems (Loher et al., in review (JMPG)). Gas analyses
documented thermogenic gas for both the gas extruded via mudflows at the summit and the
peripheral seeps. The ring faults branch upward and away from the central conduit in shallow
depths and are inferred to provide migration pathways for gas rising from depth (Loher et al.,
in review (JMPG)). The extrusion of mudflows from the western summit has occurred
throughout the last phase of activity at Venere MV (i.e. at least the last ~880 years) at
average extrusion rates estimated at 27000 m®/year (Loher et al., in review (G3)). Extrusion
of mudflows, together with gas release at peripheral seeps, points to persistently high
subsurface pore fluid pressures and subsidence-induced ring faulting governing the ongoing
activity at Venere MV. This MV is located within the gas hydrate stability zone but the
extruded mud breccia at its western summit is too warm to support gas hydrate formation,
with temperatures in the upper 5 m measured to be up to 13 °C warmer than the surrounding
seafloor. In contrast, despite elevated geothermal gradients of up to 0.15-0.20 °C/m, the
peripheral seeps lie within the stability zone and contains potential gas hydrate occurrence
zones of 8—-10 m below the seafloor (Loher et al., in review (JMPG)).

7.4. Data and methods

Combined swath-bathymetry and backscatter data, seafloor observations, carbonate
samples, and photo mosaics of cold seepage sites at the periphery of Venere MV were
obtained during RV METEOR cruise M112 and RV POSEIDON cruise POS499. Swath-
bathymetry and backscatter data were obtained with a Kongsberg EM122 (12 kHz) ship-
borne system and an EM2040 (300 kHz) system mounted on autonomous underwater
vehicle (AUV) MARUM-SEAL 5000. Data processing was carried out with MB-System. AUV-
derived bathymetry was tied to the ship-borne swath bathymetry by setting anchor points at
prominent morphological features using the navigation adjustment tool (MBnavadjust; Caress
and Chayes (1996)). Seafloor observations, sampling, and photographic acquisitions were
conducted using the remotely operated vehicle (ROV) MARUM QUEST 4000m. Photo
mosaics were obtained from altitudes 1-5 m above seafloor and compiled based on
smoothed ultra-short baseline (USBL) navigation data of ROV Quest with the LAPM tool
(Marcon et al., 2013). Seafloor positioning by USBL has an estimated accuracy better than
10 m (Bohrmann et al., 2015). Offsets between seafloor structures visible in bathymetric data
and photo mosaics have been rectified by manually applying horizontal shifts (10—-50 m) to
the final mosaics in Global Mapper® software.

A total of 6 carbonate samples from Sites 1, 4, and 5 (Fig. 7.1c) were analyzed (Table 7.1 for
coordinates of sample). The carbonate samples were cleaned and dried before being cut into
slabs. Sub-samples (ca. 1-2 cm?®) were ground to powder (<20 um) in an agate mortar. X-ray
diffraction (XRD) analyses on the powder were carried out on a Philips X'Pert Pro MD X-ray
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diffractometer (PANalytical, Eindhoven, The Netherlands; Cu-Kq tube; k = 1.541; 45 kV, 40
mA) by the Institute of Crystallography, University of Bremen (Dr. C. Vogt). XRD-patterns
were obtained from 3-85° 208 using a step size of 0.016° 26 and a time step of 100 s.
Standard deviations for bulk mineral determinations typically range from +/-1% for
carbonates, +/-2% for quartz, and +/-5—10% for clays (Vogt et al., 2002). The shift in the d-
spacing of the (104) reflection was used to calculate the content of magnesium (Mg?*) in
carbonate minerals following standard equations by Goldsmith et al. (1961) and Lumsden
(1979). For simplicity, low-magnesium-calcite (<5 mol-% MgCQO:s) is referred to as calcite and
high-Mg-calcite (>5 mol-% MgCQO:s) is referred to as Mg-calicite.

Table 7.1. Site information (coordinates in WGS84) of carbonate samples, 6180 values averaged per
sample in VPDB and VSMOW, calculated equilibrium temperatures (T) and the difference from present-day
bottom water T, and calculated equilibrium 5180 values for aragonite precipitation and the difference from
present-day bottom water 6180.

Calculated Calculated  Difference in 3'°0
equilibrium T (°C) for equilibrium 80 (%o VSMOW) of
5'"C values &'°0 values aragonite T-difference (°C) (%o VSMOW) of fluid to present-day
Water averaged per averaged per Pprecipitation froma  to present-day fluid precpitating ~ bottom water
Latitude Longitude depth  sample (%0  sample (% fluid with 3'°0=1.5%  bottom water aragonite at (5'°0=1.5%0
Site GeoB-No. (N) (E) (m) VPDB) VSMOW)* VEMOW* (T=13.8 °C) T=13.8°C*" VSMOW)
1 18205-2 38°37.103 17°11.620 1556 1.9 32.8 15.8 2.0 1.1 -0.4
1 18230-8 38°37.081 17°11.629 1564 25 33.4 13.0 -0.8 1.7 0.2
1 19230-9 38°37.082 17°11.629 1564 25 33.4 13.0 -0.8 1.7 0.2
4 192524 38°35.428 17°11.971 1606 1.4 323 17.6 3.8 0.6 -0.8
4  19252-13 38°35.428 17°11.950 1606 22 33.1 14.1 0.3 1.4 -0.1
5 192405 38°35.457 17°12.021 1607 18 328 15.9 21 1.0 -0.5

*Friedman and O'Neil 1977
**Patterson et al. 1993

A handheld micro-drill was used to obtain powdered sub-samples for isotopic analyses.
Analogous to the procedure reported by Himmler et al. (2015) the carbonate powder was
completely reacted to carbon dioxide (by 100% phosphoric acid at 75° C) and injected into a
“Finnigan MAT 251” mass spectrometer to analyze stable carbon and oxygen isotopes at
MARUM - Center for Marine Environmental Sciences and Department of Geosciences at
University of Bremen (Dr. H. Kuhnert). Reproducibility of the analyses was checked against
repeated measurements of an internal standard (Solnhofen limestone, calibrated with the
NBS19 standard) and results of 8'*C and 3'80 are reported in per mill (%o) relative to Vienna-
Pee Dee Belemnite (V-PDB; standard deviations are 0.04%. for both &'*C and &'®0).
Equilibrium &'®0 isotopic compositions of the fluids as well as temperatures from which the
carbonates may have precipitated were calculated according to experimental fractionation
equations (Patterson et al., 1993) following standard approaches for authigenic carbonates
as detailed by Bohrmann et al. (1998) and Han et al. (2004).

7.5. Results

7.5.1. Hydroacoustic character of the peripheral seeps

Ship-borne and AUV-borne multibeam hydroacoustic data document sites of gas release to
the water column at Sites 1-5 (Fig. 7.1d; (Loher et al., in review (JMPG))). Visual
observations were undertaken at Sites 1, 2, 4, and 5, all located along the ring-fault system
of Venere MV (Fig. 7.1d). These peripheral seeps coincide with areas of increased
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backscatter intensity (Fig. 7.1c), and show variability with respect to their size, morphology,
and the location of gas bubble release.

Site 1, on the northern flank of Venere MV, is ca. 80 m long and >50 m wide and is the only
seep with a positive morphology, rising up to 1 m above surrounding areas of flat seafloor on
AUV-borne bathymetry (Fig. 7.2a). The site consists of a central area of high backscatter
surround by a diffuse halo of intermediate backscatter, from which gas bubble emissions to
the water column were observed (Fig. 7.2a+b). Very high backscatter intensities are
associated with several elongate mounds 0.5-1 m high and ca. 10 m long. Site 2 lies on the
eastern rim of Venere MV (Fig. 7.1c+d), at the foot of a ca. 40 m high scarp of the ring-fault
system (Fig. 7.3a). It coincides with an irregular, ovoid patch of elevated backscatter up to
130 m long and 50 m wide (Fig. 7.3b), of lower overall intensity than Site 1 and gas bubble
release was documented from the central area of the patch from a site with moderate
backscatter intensity. Sites 4 and 5 both lie on the southern edge of the caldera about 120 m
apart (Fig. 7.1c+d). Site 4 consists of an irregular patch of high backscatter up to 50 m in
north-south direction and 80 m wide, while Site 5 to the NE consists of a circular backscatter
patch 30 m across (Fig. 7.4a). Gas bubble release occurred from several sites within the
elevated backscatter area at Site 4 and from the very center for the circular patch at Site 5.
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Figure 7.2. Site 1 (location in Fig. 7.1); a: Perspective view of AUV-borne multibeam bathymetry draped
with backscatter (white is higher) and the location of hydroacoustically detected gas bubble emissions (red
arrows); b: Map view of AUV-borne backscatter and gas bubble emission sites (red dots); c: Photomosaic
(see atb for extent) of ruptured mound, note carbonate slabs with black sediment between; carbonate
sample numbers are indicated; d+e: seafloor photos showing updomed carbonate slabs (see c) for
orientation).
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Figure 7.3. Site 2 (location in Fig. 7.1); a: Perspective view of AUV-borne bathymetry draped with
backscatter (white is high) and hydroacoustically-detected gas bubble emission site (red arrow); b: Map
view of backscatter (white is high) and gas bubble emission site (red dot); c: Photo of massive carbonate
outcrop in northern part of site 2 (location in b); d: photo of gas bubble site among outcropping carbonates
in central site 2 (location in b); e: Photomosaic (see a+b for extent) of extensive carbonate pavement (note
correspondence of right edge of draped carbonate with onset of lower backscatter in b); inset at left shows
close-up of seafloor littered with Vesicomyid clam shells, inset at right shows seafloor depression lined by
carbonates.
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Figure 7.4. Sites 4 and 5 (location in Fig. 7.1); a: Map view of AUV-borne backscatter (white is high)
superimposed with seafloor categories mapped along the ROV track and the location of a photomosaic at
Site 5; gas bubble sites are visual observations; b: Detail of photo mosaic at Site 5 showing a ruptured
mound releasing gas bubbles (see also supplementary video 13.4) and tubeworms underneath the
carbonate slabs; c: Detail of photomosaic at Site 5 showing white microbial mats between carbonate
pavements next to the ruptured mound; d: Collapse structure at Site 4; e: Gas bubbles (white arrow) rising
from black sediment (note push-core holes next to red marker) and partially sealed mound in the
background; f: Gas bubble release (black arrow) from a fracture in carbonate pavement (black circle marks
GeoB-No. of carbonate sample) with partially sealed carbonate mound (note white microbial mats on top).
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7.5.2. Visual observations of peripheral seeps

Visual observations of the seep sites during ROV investigations and from photomosaics
allow the distinction of five categories of seafloor (Fig. 7.4+5): 1) soft bioturbated hemipelagic
sediments (Fig. 7.5c); 2) soft hemipelagic sediments with patches (cm to m in diameter) of
black sediment and white filamentous mats (<560 % coverage; Fig. 7.5d; 7.6a+b); 3) soft
hemipelagic sediments populated by dense (>50 % coverage) filamentous white mats (Fig.
7.5e and 7.6d); 4) hard carbonates overlain by dusting of hemipelagic sediments and/or large
numbers of shells and tubeworm (tube) remains (Fig. 7.3c+d, 7.4c, 7.5f+h-j, 7.6¢); 5) hard
carbonates exposed at seafloor including chemosynthesis-based organisms in fractures (Fig.
7.4b, 7.5g, 7.6e-g). Categories 4 and 5 both included cracks or ruptures in the carbonates,
often infilled by black sediments, that made it possible to identify pavements even below a
thin (few mm to cm) hemipelagic cover (Fig. 7.4c, 7.5j, 7.6¢). Carbonate pavements exposed
or thinly mantled by sediments (category 4 and 5) reached extents of several tens of square
meters (Fig. 7.4a, 7.5a+b). An increased degree of bioturbation was consistently observed at
transitions between hemipelagic sediments and areas with black patches or buried
carbonates (Fig. 7.5f). Shell detritus (Fig. 7.3e), predominantly of Vesicomyid clams (genus
Isorropodon of 1-2 cm size), was observed to litter the seafloor in areas of black patches and
buried carbonates. Vesicomyid clams presumed to be alive were observed along crawl paths
in black patches of soft sediment (Fig. 7.6a). In addition, sites of gas bubble release were
documented at all of the peripheral seep structures (Fig. 7.4a, 7.5a+b).

At Site 1 gas bubbles were observed at three sites (Fig. 7.5a) to rise from mm- to cm-sized
holes in the black sediment patches or, where these were covered by dense aggregations of
filamentous mats, in their immediate vicinity (centimeters to decimeters away). Intense
bubble streams were observed to evacuate sediment grains and form cm-scale mounds of
black sediment around the emission holes. Gas ftrapped inside a bubble sampler
spontaneously formed gas hydrate (Fig. 7.6h) and upward-floating flakes of white material,
assumed to be gas hydrate, were repeatedly observed during or after push-core sampling
(see supplement videos 13.1 and 13.2). Gas bubble streams or pulses were also observed to
rise from holes in an area of bioturbated hemipelagic sediment ca. 10 m across that
contained no other seepage features. All three gas ebullition sites were located at the north-
eastern edge of the high-backscatter area (Fig. 7.2b, 7.5a), which was seen to correspond to
carbonate crusts forming positive morphological structures. Photomosaics at Site 1 (Fig. 7.2c)
reveal a ca. 5 m wide, 20 m long and up to 1 m high mounded ridge, composed of upward
convex carbonate slabs (Fig. 7.2d+e). At the apex of the structure the carbonates appear
ruptured and rifted apart, with black sediments within the ruptures and within fractures along
the flanks of the structure. No gas bubble emissions were observed from these carbonates.
White microbial mats were recognized along the edges of the ruptures, while in cracks
between carbonate slabs bush-like colonies of tubeworms (Vestimentiferan tubeworms of the
genus Lamellibranchia) were observed, inferred to root below the slabs (Fig. 7.2d+7.6g).
Vesicomyid clams and their shell remains are observed in the soft substrate (black sediment)
between the carbonates and around the ridge structure.
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Site 2 is characterized by authigenic carbonate pavements, clam shells, patches of white
filamentous mats, and several clusters of tubeworms surrounded by hemipelagic sediments
containing black patches (Fig. 7.3e+7.5b). A gas bubble stream was observed to rise from a
patch of black sediments a few dm west of an outcrop of carbonates (Fig. 7.3d+7.5b+h). The
top of the carbonates was draped by hemipelagic sediments and black patches (few cm in
diameter), which disappeared a few meters further east. An area consisting predominantly of
carbonate pavement extended to the south. In a central area, cm to dm-thick carbonate
plates formed an irregular crater-like seafloor depression of >5 m extent and ca. 1 m depth
(Fig. 7.3e). Along the ruptures between the plates, white microbial mats and live tubeworms
were observed (Fig. 7.5h-j). The floor of the crater was covered by shells, empty tubeworm
tubes, and anthropogenic litter (Fig 7.3e+7.5i). In this southern area, the photomosaic in Fig.
7.3e shows a close relationship between what is proposed to be the edge of carbonates
buried below hemipelagic sediments and the edge of the high backscatter patch (Fig. 7.5b).
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Figure 7.5. Sites 1 and 2 (location in Fig. 7.1); a+b: Map views of Sites 1+2 with AUV-borne backscatter
(white is high) superimposed with seafloor categories mapped along the ROV tracks and the locations of
photomosaics, at Site 1 a carbonate sample obtained by gravity corer is shown by its GeoB number; gas
bubble sites are visual observations; c-j) Details from the photomosaics (white arrows in a+b) illustrating the
different seafloor categories that have been mapped; see text for detailed explanations.
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Site 4 includes two mounds 1.5-2.5 m in diameter and ca. 0.5 m high (Fig. 7.4e+f). The
mounds were partly covered by dense accumulations of loose carbonate pieces (few cm
diameter), hemipelagic sediments, and white filamentous mats associated with black
sediments. Microbial mats are evidence of AOM and indicate that methane- or sulfide-rich
fluid is transported through disseminated carbonate pieces or through pores in cm-thick
carbonate crusts. One of the mounds was mechanically ruptured by inserting a temperature
lance, causing the release of bursts of gas bubbles and schlieren (flow disturbances by
inhomogeneous transparent media in fluid, e.g. Karpen et al. (2004)) from the penetrated
area, indicating a pressurized fluid in the subsurface (see supplementary video 13.3). Cracks
in the carbonate pavement at the edge of the mounds hosted clusters of small
Vestimentiferan tubeworms and few microbial mats, as well as with weak gas bubble
streams at two sites (Fig. 7.4a). In addition, a crater-like seafloor depression was found (Fig.
7.4d), similar in size to that at Site 2. It consisted of slabs of broken carbonate up to dm thick,
which appeared to have collapsed from a formerly continuous seafloor pavement. Pulses of
gas bubbles were observed to be recurrently released from a site among the carbonate
pieces, while white filamentous mats covered the edges of the crater and carbonate slabs.
No living tubeworms or empty tubes were observed within this crater. Around the area of Site
4, the onset of soft sediments with black patches (seafloor category 2) correlates with the
edge of elevated backscatter (Fig. 7.4a).
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Figure 7.6. Seafloor photographs; a: Patch of black sediment with few white microbial mats, note crawl
paths (white arrows) of presumably live Vesicomyid clams, location at N rim of high backscatter at Site 1; b:
Small patch of intense, white microbial mat on soft sediment (location near Site 5); c: Carbonates draped by
a bit of hemipelagic sediment with black sediment populated by white microbial mats along fractures
(location near Site 5); d: Large patch of filamentous, white microbial mats on soft sediment (location of Fig.
7.5e); e: Gas bubble release at Site 5 (location as Fig. 7.4b and supplementary video 13.4) with white
microbial mats and tubeworm colonies rooting below carbonate outcrop; f: Close-up of Vestimentiferan
tubeworms in e); g: Large tube worm colony (location as Fig. 7.5g) along fractures (white arrows) rooting
below thick carbonate slabs; h: Gas (note bubble at black arrow) which is trapped inside in a gas bubble
sampler forms gas hydrate (white arrow; location at Site 1).

Markus Loher 119



7. Manuscript llI: Seafloor sealing, doming, and collapse

At Site 5 gas bubble pulses were observed from a circular mound ca. 2 m wide and 0.5 m
high with ruptured carbonate slabs at the apex (Fig. 7.6e). The pulsating release of gas
bubbles was seen to relate to the presence of a carbonate slab, which formed a ledge that
temporarily retained gas bubbles beneath it (see supplementary video 13.4). White
filamentous mats covered the ledge and a bush-like colony of tubeworms appeared to root
underneath it. The carbonate pavement at the foot of the mound was densely covered by
shell remains, forming a ring around the mound. A few meters towards the east, the seafloor
gave way to carbonates buried by smooth hemipelagic sediments. To the southwest of the
gas bubble site, the exposed or slightly buried carbonate pavements (categories 4 and 5)
give way to soft sediments with black patches (seafloor category 2) and finally to soft
bioturbated sediments (seafloor category 1) inherently with a change from high to low
backscatter Fig. 7.4a).

7.5.3. Mineralogy and petrography of carbonate samples

7.5.3.1. Samples from Site 1

Sample GeoB19205-2 was collected at the edge of a high backscatter area (Fig. 7.5a), while
samples GeoB19230-8 and GeoB19230-9 were collected from up-turned carbonate slabs at
a mound-like feature (Fig. 7.2c+d). In all three samples, carbonate is the most abundant
mineral fraction, predominantly in the form of aragonite (53—60 wt-%) with lesser amounts of
non-carbonate minerals including quartz and mica (Table 7.2). Visually samples GeoB19205-
2 and GeoB19230-9 consist of dark grey microcrystalline cement (estimated 50-70%), light
grey lithified hemipelagic sediment (estimated 50-30%) and few cm-sized voids and
cemented mud clasts (Fig. 7.7). Shells of Idas Modiolaeformis are present on the surface of
the carbonate samples (Fig. 7.7a). Sample GeoB19230-8 consists predominantly (up to 75%)
of brownish semi-lithified hemipelagic sediment and areas of dark grey microcrystalline
cement (estimated <25%; Fig. 7.7). There are several large pores 1-2 cm wide, cemented
tubeworm-tube remains as well as light grey cemented mud clasts. There is a high content of
shells (the bivalve Idas Modiolaeformis and the Vesicomyid clam genus /sorropodon could
be identified) imbricated as a horizontal layer at the upper side of the sample. Stable oxygen
isotope (5'80) values of the carbonates are positive and range between 1.5 and 3.1%o, and
stable carbon isotope (3'3C) values range from -27.1 to -16.8%. (Table 7.3).
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Table 7.2: Bulk-rock mineralogy from XRD analyses of carbonate samples.

Aragonite Calcite Mg-calcite Quarz |llite Others
Site Sample wt-% wi-% mol-% Mg wit-% mol-% Mg wit-% wt-% wt-%
1 19205-2 53 4 0] 1 15 20 0] 22
1 19230-8 60 4 0] 1 13 14 0] 21
1 19230-9 53 6 0 1 13 27 0 13
4 19252-4 50 2 3 1 17 15 0] 32
4 19252-13 17 6 2 2 17 20 27 28
5 19240-5 34 2 1 1 15 32 0 31

7.5.3.2. Samples from Sites 4 and 5

Sample 19252-4 from Site 4 was collected from a fracture in a carbonate pavement in the
vicinity of a sealed mound (Fig. 7.4f). The most abundant mineral fraction is carbonate (53%,
predominantly aragonite at 50%), followed by lesser amounts of non-carbonate minerals
including quartz, mica, sanidine, and anhydrite (Table 7.2). Sample GeoB19252-13 from Site
4 was collected at a crater-shaped depression (Fig. 7.4d). The predominant mineral phase is
illite (27%) with relatively high amounts of silicates (20% quartz) and a low carbonate content
(17% aragonite). Sample GeoB19240-5 from Site 5 was collected at a ruptured mound (Fig.
7.4b) and consists mainly of carbonate (37%, predominantly aragonite at 34%) but also
contains a large fraction of silicates. Visually, samples GeoB19252-4, GeoB19252-13, and
GeoB19240-5 are porous and consist mainly of brownish semi-lithified hemipelagic
sediments (estimated 60-75%), dark grey microcrystalline cement (25-40%; Fig. 7.7).
Cemented tubes of the Vestimentiferan Lamellibranchia as well as shells of the bivalve Idas
Modiolaeformis and the Vesicomyid clam genus /sorropodon (Fig. 7.7b) could be identified.
Samples GeoB19252-4 and GeoB19252-13 show layers of imbricated shells and biogenic
remains 1-2 cm below the sample surface. The 580 values of these samples range from -0.7
to 2.9%o, and 3'3C from -24.7 to -11.4%. (Table 7.3).
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Samples from Site 1 GeoB19230-8
#19

#15

GeoB19205-2
#3043,

#32
#31

Samples from Site 4
GeoB19252-13

#36

GeoB19252-4

Sample from Site 5
#12 #10

Figure 7.7. Authigenic carbonates from Sites 1, 2, 4 and 5 (note GeoB sample number) with locations and
numbers of sub-sample (#) obtained using a micro-drill; inset a: Photograph of Idas Modiolaeformis
identified on outside of sample GeoB19230-9; inset b: Photograph of Vesicomyid clam identified on the

outside of sample GeoB19240-5.
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Table 7.3. Sub-samples of authigenic carbonates obtained by micro-drill ordered by site location and
sample number (see Fig. 7.7 for photographs), with corresponding §13C and 6180 values and comments
OoNn macroscopic appearance.

Sample- 5'°C %o | 520 %o

No. GeoB No. | Site VPDB \VPDB Comment

30 19205-2D -25.28 2.21 |microcrystalline cement (dark grey)
31 19205-2D -21.186 1.47 |microcrystalline cement (dark grey)
32 19205-2D -25.08 2.03 |microcrystalline cement (dark grey)

33 19205-2D
20 19230- 9B
21 19230- 9B
22 19230- 9B
23 19230- 9B
24 19230- 9B

-16.83 1.70 |semidithified sediment or mud clast (light grey - brown)
-2340 2.06 |microcrystalline cement (dark grey)

-27.08 3.13 [fibrous cement {(white)

-24.90 2.36 |microcrystalline cement (dark grey)

-23.97 244 |microcrystalline cement (dark grey)

-25.81 2.35 |semi-lithified sediment or mud clast (light grey - brown)

14 19230-8 -20.71 2.84 [fibrous cement (white)

15 19230-8 -26.73 2.27 |microcrystalline cement (dark grey)

16 19230-8 2417 2.21 |microcrystalline cement (dark grey)

17 19230-8 -23.64 2.59 |microcrystalline cement (dark grey)

18 19230-8 -21.66 2.49 [fibrous cement {(white)

19 19230-8 -21.99 2.44  |microcrystalline cement (dark grey)

2 19252-13 B -24.70 2.91 [fibrous cement (white)

3 19252-13 B -16.14 2.51 |fibrous cement (white)

4 19252-13 B -19.98 2.44 [fibrous cement {(white)

5 19252-13 B -1917 2.45 |microcrystalline cement (dark grey)

6 19252-13 B -21.37 2.20 [microcrystalline cement (dark grey)

7 19252-13 B -12.65 0.82 |semi-lithified sediment or mud clast (light grey - brown)
34 19252-4 -21.09 2.01 [microcrystalline cement (dark grey)

35 19252-4 -13.59 2.66 |microcrystalline cement (dark grey)

36 19252-4 -23.68 1.78 |microcrystalline cement (dark grey)

37 19252-4 -11.36 -0.67 |semi-lithified sediment or mud clast (light grey - brown)
B8 19240-5 A -24.09 2.53 |[fibrous cement (white)

9 19240-5 A -2212 1.90 |microcrystalline cement (dark grey)

10 19240-5 A
A 19240-5 A
12 19240-5 A
13 19240-5 A

-23.18 2.31 |microcrystalline cement (dark grey)
-2017 1.73 |microcrystalline cement (dark grey)
-21.31 1.84 |microcrystalline cement (dark grey)
-17.14 0.69 |semi-lithified sediment or mud clast (light grey - brown)

L3I & B R B B A R i

7.6. Discussion

7.6.1. Fluid sources contributing to authigenic carbonate compositions

Authigenic carbonates record the stable carbon isotopic signature of the total dissolved CO-
(DIC) pool at the time of precipitation (Naehr et al., 2007). The DIC pool can comprise a mix
of sources, including seawater (e.g. a typical value for eastern Mediterranean deep seawater
of 8"3C ~1.2%o; (Pierre, 1999)), oxidized organic matter (53'3C ~ —23%o), oxidized methane (or
higher hydrocarbons) depleted in '*C (ranging from 3'3C values of —110 to —30 %o; (Aloisi et
al., 2000; Formolo et al., 2004; Naehr et al., 2007), and fluids enriched in *C due to CO;
reduction deep in the methanogenetic zone (Mozley and Burns, 1993; Kopf et al., 1995;
Greinert et al., 2001; Stakes et al., 2002; Orphan et al., 2004). Accordingly, authigenic
carbonates may show high variability in their stable isotope compositions (e.g. Greinert et al.
(2001)). However, all samples collected from the peripheral seeps at Venere MV show

Markus Loher 123



7. Manuscript llI: Seafloor sealing, doming, and collapse

depleted values of 8*C in a relatively narrow range —11.4%o. to —27.1%. VPDB (Fig. 7.8).
These values are consistent with methane as an important carbon source during precipitation
of the predominantly aragonitic (Table 7.2) authigenic carbonates. This is inferred to take
place shallow sediment depths during microbially mediated AOM, with lesser contributions
from DIC dissolved in seawater and the oxidization of marine organic matter. These values
are similar to 8"3C values of less than —5%o reported in authigenic carbonates from sites of
methane seepage on a number of continental margins (e.g. Naehr et al. (2007)), as well as
from sites of mud volcanism within the eastern Mediterranean Sea including the
Mediterranean Ridge and the Anaximander Mountains (Aloisi et al., 2000; Himmler et al.,
2011) and the Nile Deep Sea Fan (Gontharet et al., 2007).

The oxygen isotope composition of authigenic carbonate is controlled by several factors,
including the composition and temperature of the pore fluid from which precipitation occurs,
as well as the mineralogy of the carbonate that forms. As a first approximation, the
theoretical 8'®0 values of aragonite and Mg-calcite (i.e. with 12 mol-% MgCQs) should
amount to, respectively, 3.3%0 and 2.9%0. VPDB (Friedman and O'Neil, 1977; Grossman and
Ku, 1986; Aloisi et al., 2000; Gontharet et al., 2007), under the assumption that precipitation
occurred from eastern Mediterranean bottom waters in present-day conditions (of
temperature, pH, and 8'80). The averages of the oxygen isotope compositions for each
sample in this study range of 380 from 1.4 to 2.5%0 VPDB (Table 7.1). These values are
more depleted in 80 (Fig. 7.8), indicating that the fluid source was either significantly warmer
or more depleted in 80 (or a combination of these effects). Exposed carbonates at sites of
methane seepage may experience lower pH values during AOM activity (Himmler et al.,
2011), which has been argued to result in heavier §'®0 values (Zeebe, 2001; Han et al.,
2004). The depleted 8O signals recorded here, suggest that changes in fluid pH values did
not significantly affect the stable oxygen isotopes of the studied samples.
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Figure 7.8. Carbon and oxygen isotopic compositions of carbonate samples from Sites 1, 4 and 5, color
coded according to the macroscopic appearance of the carbonate phase; vertical lines represent the
theoretical 3'80 value of calcium carbonates (aragonite and Mg-calcite with 12% MgCOs content)
calculated on the assumption of precipitation in isotopic equilibrium with present-day Mediterranean bottom
water (see text for references).

Aragonite is the predominant carbonate-forming component in all samples (Table 7.2). The
temperatures of the precipitating fluid were estimated (Table 7.1; see methods section) by
assuming authigenic aragonite crystallization in equilibrium with the present-day regional
bottom water 580 value of 1.5% VSMOW (Pierre, 1999). Most of the samples (from Sites 1,
4 and 5) require fluid temperatures that are higher than the current bottom water by 0.3—
3.8 °C, while two samples (both from Site 1) require fluid temperatures that are lower by
0.8 °C. Advection of warm subsurface fluids at the peripheral seeps of Venere MV is
indicated by geothermal gradients that are elevated relative to regional values, and lie in the
range of 0.15-0.2 °C/m (Loher et al., in review (JMPG)). Corresponding subsurface
temperatures imply that, for most samples, aragonite precipitation might have occurred
several meters below seafloor. However, this does not account for the two carbonate
samples from site 1 that require lower temperatures. Bottom water temperatures in the
eastern Mediterranean Sea were up to 5 °C colder during the last glacial maximum (LGM)
and water masses characterized by 1.5%. increased 5'80 values (Aloisi et al., 2000). Given
that all carbonate samples were collected close to or exposed at the seafloor, it is unlikely
that they record either burial to reach higher temperatures or precipitation during times of
cooler bottom waters. Alternatively, carbonate precipitation could have occurred from a fluid

Markus Loher 125



7. Manuscript llI: Seafloor sealing, doming, and collapse

that had a temperature close to values measured today (i.e. 13.8 °C; (Loher et al., in review
(JMPG))) but of a different 8'®0 isotopic compositions.

The oxygen isotope ratios of the water from which aragonite in the different samples may
have precipitated has been calculated, assuming a temperature of 13.8 °C (Table 7.1; see
methods section). The results for most samples from sites 1, 4 and 5 suggest a composition
depleted in '®0O by 0.1 to 0.9%0 VSMOW, compared to the present-day bottom water 5'80
value of 1.5% VSMOW, while two samples from Site 1 indicate a fluid source slightly
enriched in 80 by 0.2%, VSMOW. The water cage of gas hydrate preferentially incorporates
the heavier oxygen isotope, causing the residual fluid source to be depleted in 8O (Ussler
and Paull, 1995). In contrast, the release of cage water from gas-hydrate dissociation leads
to enrichment in "0 of up to +3%. (Davidson et al., 1983; Hesse et al., 1985; Bohrmann et
al., 1998). The weak enrichment calculated for the fluids at Site 1 do not indicate a significant
contribution from gas hydrate dissociation, whereas the more depleted signals may point to
the formation of small amounts of gas hydrate.

7.6.2. A conceptual model of seep evolution

7.6.2.1. Stage A - “plain seepage”

In this study, the initial stage of a cold-seep (Stage A of Fig. 7.9) is inferred to be
characterized by the continuous or pulsating release of gas bubbles from bioturbated
hemipelagic sediments with no additional seepage indications. This is comparable to the
“plain seepage” described by Hovland (2002). The initial establishment of a physicochemical
micro-environment that supports AOM, occurs by microbial colonization of bubble pathways
in the subsurface (Hovland, 2002; Treude et al., 2005). Where methane oversaturation
occurs with respect to the pore water, diffusion processes allow methane gas bubbles to
grow and expand, leading in turn to the fracturing of sediments and the creation of pathways
for the upward migration of bubbles (Martens and Berner, 1974; Boudreau, 2012). Strong
advective gas flow may largely bypass the microbial AOM-filter so as to release methane to
the overlying water (Luff et al., 2004; Sommer et al., 2006). Initial precipitation of AOM-
induced carbonate and the onset of settlement by chemosynthesis-based organisms such as
microbial mats may hamper fluid flow and causes methane to spread into and charge
surrounding sediments (Hovland, 2002).

7.6.2.2. Stage B - microbial mats and first colonization by seep-organisms

The next stage of an evolving seep (stage B in Fig. 7.9) is characterized by black patches of
reduced (anoxic) sediment (e.g. Fig. 7.5d) that are partially or fully covered by filamentous
microbial mats (Fig. 7.5e+7.6a, b, d) and contain pieces of authigenic carbonate. After anoxic
conditions have been established in the subsurface (stage A), chemosynthesis-based
organisms may start to emerge on the seafloor and microbial mats such as filamentous,
sulfur-oxidizing bacteria (e.g. Beggiatoa) may spread (Sassen et al., 1993; Hovland, 2002)).
Since all peripheral seeps at Venere MV lie within the gas hydrate stability zone (Loher et al.,
in review (JMPQ)), it is inferred that any gas permanently trapped in pores or underneath
carbonates will form gas hydrate at least in small amounts (see supplement videos
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13.1+13.2). In addition, soft sediments constitute a habitat for mobile Vesicomyid clams (Fig.
7.6a). This type of chemosynthesis-based macrofauna typically roots in soft sediments to
access AOM-derived sulfide with its foot (Sahling et al., 2002). Gas rising in soft cohesive
sediments may stall by spreading horizontally in zones of decreased lateral fracture
toughness (Boudreau, 2012) and can start to deform the seafloor by increasing pressure
(Barry et al., 2012) due to fluid accumulation. This exerts an additional buoyancy force in the
subsurface (Koch et al., 2015). In this study, however, seafloor doming was not observed at
sites associated with plain seepage, nor where soft sediments occurred with microbial mats
or black patches. Instead, seafloor mounds were observed where carbonate crusts partially
or completely paved the seafloor (Fig. 7.4a+e+f).

7.6.2.3. Stage C - self-sealing and mound formation

Stage C (Fig. 7.9) is associated with extensive carbonate pavements and (partially) sealed
mounds (Fig. 7.4e+f). In-tact carbonate crusts form a seal at the sediment-water interface,
preventing the release of hydrocarbon-bearing fluids and the downward diffusion of seawater
sulfate, and thus inhibit AOM and further carbonate precipitation. The carbonates represent a
physical and chemical barrier e.g. for Vesicomyid clams who live partially embedded in soft
sediments. The large numbers of empty clam shells littering the surface of the carbonate
pavements (e.g. Fig. 7.3e) may be explained by progressive carbonate cementation and
exclusion of the clams from their habitat (Bohrmann et al., 2015).

The cementation of surface or shallow-subsurface sediments is known to result in the
blockage and the diversion of fluid migration pathways at seeps (Hovland, 2002; Marcon et
al., 2014a). Authigenic carbonate can precipitate as individual cemented nodules up to
several cm in diameter (Aloisi et al., 2000; Gontharet et al., 2007), or form mm to dm thick
crusts that extend as seafloor pavements over areas of 10°-102 m? (Gontharet et al., 2007;
Himmler et al., 2011; Rémer et al., 2014). Carbonates may form mounds of varying height
from meters (Gontharet et al., 2007; Rémer et al., 2014; Himmler et al., 2015) to several tens
of meters (Buerk et al., 2010), or grow vertically upward into the water column as
chemoherms (Teichert et al., 2005). As demonstrated by Luff et al. (2004), the presence of
dispersed carbonate pieces may significantly lower sediment porosity and cause fluid
retention and overpressure generation in the shallow subsurface.

The formation of gas hydrate can also result in a sealing effect for fluid migration (Rémer et
al., 2012a). Doming by gas hydrate formation has been argued to require high gas hydrate
saturations (Hovland and Svensen, 2006; Koch et al., 2015; Sahling et al., 2016) and the
rapid formation of gas hydrate near the seafloor is commonly associated with the presence of
brines, as salts are excluded from the clathrate cage (Torres et al., 2004b; Torres et al.,
2011). Temperature gradients at the peripheral seeps allow for a thin (<10 m) gas hydrate
stability zone, but chloride profiles do not indicate gas-hydrate related pore water freshening
(Loher et al., in review (JMPG)). The oxygen isotopic results of this study (Fig. 7.8) could be
explained by hydrate formation, but visual observations suggest the presence of only
disseminated flakes of gas hydrate (see supplement videos 13.1+13.2). Therefore, it is
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inferred that while gas hydrates are forming locally within the seepage sites, they do not
account for the development of the dome-shaped structures. However, the slow dissolution
of gas hydrate may act as a buffer and continue to release methane-rich fluids even in case
the underlying fluid supply ceases (Sahling et al., 2008a; Foucher et al., 2009). Such a
mechanism can sustain AOM until the local gas hydrate reservoir is depleted or fluid flow
resumes from depth.

The mounds observed in this study are interpreted to represent the surface locations of
pathways for the upward migration of fluids. Permeability reduction in response to the
formation of carbonates (and locally of gas hydrates) is inferred to generate overpressure
and exert a buoyancy force by which the seafloor is deformed. The mounds most likely
contain a mixture of hydrocarbon-rich pore water, free gas, and possibly small amounts of
disseminated gas hydrate underneath the carbonate pavement. Gas spreads laterally
underneath this seal and emanates as gas bubbles from cracks or along the edge of the
carbonate pavement up to several meters from the mounds (Fig. 7.4f). Continued fluid supply
enhances overpressures in surface-near sediments, and the resulting buoyancy force leads
to the seafloor deformation by up-doming of sediments and carbonates within them that are
incompletely annealed.

7.6.2.4. Stage D - ruptured carbonate mounds

At Stage D (Fig. 7.9), fluid release occurs at discrete ruptures in carbonate crusts, in the form
of free as well as dissolved gas. Peripheral seep sites at Venere MV, characterized by
ruptured carbonate mounds with decimeter-thick crusts and significant numbers of
chemosynthesis-based organisms (Fig. 7.2d, 7.5g, 7.6e), are interpreted to represent the
most mature stage of the peripheral seeps at Venere MV. The established chemosynthesis-
based communities and ongoing gas bubble emissions indicate persistent subsurface fluid
supply at all the peripheral seeps (Fig. 7.4+7.5). Buoyancy-driven fracturing occurs when
fluid pressures can break through the overburden carbonate seal and fluid can escape
through the break overcome.

The mound at Site 1 hosts at least two generations of carbonates (Fig. 7.2d+e): slabs that
were rifted apart by up-doming of the seafloor, and carbonate slightly draped by hemipelagic
sediment that sealed the seafloor in the central part between the rifted slabs. The inferred
process of rupturing and re-sealing is likely to have occurred repeatedly and contributed to
the convex-up shape of the mounds, with younger carbonate slabs underplating the overlying
ones. Seal-and-break mechanisms have also been argued to explain the formation of
pockmarks (Matsumoto, 1990; Hovland, 2002; Marcon et al., 2014a). The observations in
this study, however, indicate that under persistent methane seepage and AOM, ruptures in
mounds or pavements may be sealed again without necessarily undergoing collapse. The
ruptured carbonate mounds described here resemble seepage structures observed by
Roémer et al. (2014) on the Nile Deep Sea Fan. Those structures are larger and higher, but
similarly consist of ruptured authigenic carbonates with gas bubble emissions from the
fractures and chemosynthesis-based organisms at the fractures along the edges of the
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structure. We suggest, that the observations of Romer et al. (2014) support a similar dynamic
for the evolution of seeps as that we propose for the peripheral seeps of Venere MV during
stage D.

The fractures in the carbonate mounds clearly allow seawater sulfate to infiltrate the
subsurface of the mounds, providing an electron acceptor source for AOM. This also
supports the re-establishment of chemosynthesis-based organisms such as Vesicomyid
clams and tubeworms along the fractures in the carbonates (Fig. 7.6g). This scenario is
supported by observations of ruptured mounds where microbial mats cover the edges of
carbonate crusts, Vestimentiferan tubeworms root below the mounds in the cracks (Fig.
7.5g+7.6e-g; supplementary video 13.4), and Vesicomyid clams inhabit the softer sediments
that accumulated in between carbonate slabs. Vestimentiferan tubeworms depend on sulfide
fluxes that are thought to be an order of magnitude higher than those e.g. for Vesicomyid
clams (Sahling et al., 2002; Cordes et al., 2003; Sahling et al., 2005). It has been found that
tubeworms are capable of fueling or self-enhancing AOM by releasing seawater sulfate
through their tubes at their root-like extensions (Cordes et al., 2005) and that they can
contribute to carbonate formation (Marcon et al., 2014b) whereby they may get cemented
into the carbonate crusts (Luff et al., 2004). In this study, the occurrence of large colonies of
Vestimentiferan tubeworms at ruptures in the mounds and the presence of their encrusted
remains in carbonate samples (GeoB19230-8; Fig. 7.7), are interpreted as signs of intensive
AOM and persistent supply of hydrocarbon-rich fluid underneath the mounds. The carbonate
fractures constitute a strongly localized habitat where microbial consortia and seep-typical
macrofauna can flourish, profiting from protection and stability provided by cementation of
the carbonate crusts extending above or around them.

7.6.2.5. Stage E - collapse craters

Another type of seafloor structure (Stage E in Fig. 7.9) resulting from rupturing of the
carbonate pavement is seen where the carbonate-paved seafloor has collapsed and formed
convex-down, crater-like depressions (Fig. 7.3e+7.4d). In marine sediments, different
mechanisms have been proposed to account for the formation of pockmarks during gas
ebullition (Judd and Hovland, 2007) either through sediment loss and non-deposition (King
and MacLean, 1970; Hovland et al., 1984) or through subsurface sediment mobilization and
fluid flow (Maltman and Bolton, 2003; Reusch et al., 2015; Loher et al., 2016). At the
peripheral seeps of Venere MV, neither the crater morphology nor the seafloor surrounding
the craters indicate a sediment expulsion event. Instead, the arrangement of broken slabs of
carbonate that line the inside of the sub-circular craters suggest an inward collapse and
down-sagging of the seafloor. Collapse without the removal of subsurface sediment requires
the presence of a subsurface void. Overpressure due to the accumulation of fluids below an
impermeable seal can result in compaction of the pore space, for example by gas invasion
into the sediments causing a rearrangement of grains (Hantschel and Kauerauf, 2009; Jain
and Juanes, 2009). The formation of seafloor depressions can also occur through
compaction, which has been shown in numerical models where subsurface overpressure
resulted in the mobilization of sediments and large settlements (up to 35% reduction in
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volume) in the remolded sediments occurred when overpressure dissipated (O'Regan et al.,
2015). Alternatively, it has been proposed by Matsumoto (1990) that persistent fluid flow
underneath a carbonate crust can undermine the carbonate formation and induce their
collapse and fragmentation. The craters observed in this study are interpreted to result from
rupturing of a carbonate pavement due to a small-scale fluid accumulation beneath it. The
subsequent release of fluid, either slowly or suddenly, caused the overpressure to dissipate,
the buoyancy force to recede, and the carbonates to collapse under their own weight.

Similar to the process described by Bahr et al. (2010), it is assumed that breaking of
carbonates occurs by brittle deformation as progressive cementation increases the rigidity of
sediments. Samples obtained from the ruptured mound at Site 1 (GeoB19205-2;
GeoB19230-8; GeoB19230-9) show massive cement with little incorporation of hemipelagic
sediments (Fig. 7.7; Table 7.2). In contrast, the sample from the collapse crater near Site 4
(GeoB19252-13) contains abundant hemipelagic sediment, is not highly cemented and
crumbles easily. A more homogeneous cementation as in the samples from Site 1 is
interpreted to result in a stronger carbonate slab whereas incorporation of hemipelagic
sediments and biogenic remains gives rise to a weaker carbonate pavement. A stronger,
more stable carbonate at Site 1 would explain why the mound did not collapse upon
rupturing, whereas a collapse-crater formed near Site 4. Intermittent gas bubble release,
microbial mats, and tubeworm colonies (Fig. 7.3e+7.4d) are clearly signs of ongoing seepage
at the collapsed craters. Whether this represents residual seepage from the rupturing event,
the dissolution of residual gas hydrate, or a younger reactivation of the underlying fluid
migration pathway, remains unclear.

7.6.3. Timescales of cold-seep evolution

Whereas the processes of AOM and associated carbonate precipitation at cold seeps are
relatively well understood, little is known about the timescales of their development. U-series
have previously been successfully used to date cold-seep carbonates (Teichert et al., 2003;
Bayon et al., 2009), but this procedure requires non-trivial correction procedures where
detrital sediment such as clays are incorporated during the cementation process (Bayon et
al., 2009). Absolute dating of carbonates is beyond the scope of this study and may be
difficult given the heterogeneous composition of the carbonates (containing e.g. significant
amounts of illite, see GeoB19252-13, Table 7.2) lacking massive cement phases.
Nevertheless, the temporal evolution of the seeps studied here can be constrained by order-
of-magnitude estimates based on seafloor observations and seep-related processes
described in the literature and suggests the interaction of processes operating over a range
of timescales, from decades to millennia, as illustrated in Fig. 7.9.

The establishment of a microbial AOM community in sediments and the growth kinetics of
microbial mats are thought to be relatively slow (Knittel and Boetius, 2009), with modeling of
bioenergetic reactions by Dale et al. (2008) indicating that a steady-state AOM biomass can
be reached on the order of 60 years after a change in advective flow. Accordingly, it is
estimated that it takes several tens of years from the onset of seepage in hemipelagic
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sediment (i.e. plain seepage as in stage A, Fig. 7.9) to formation of black sediments and
colonization by chemosynthesis-based organisms, assuming a constant supply of
hydrocarbon-rich fluid. In this study this includes the establishment of extensive (several m?)
white microbial mats on the seafloor and settlement by macrofauna (Stage B in Fig. 7.9). In
reality growth rates may vary significantly, as the typically localized or patchy distribution of
microbial mats or macrofauna such as clams, mussels, and tubeworms at cold seeps
depends strongly on the amount and intensity of methane seepage and sulfide production
(Sahling et al., 2002). Nevertheless, similar estimates have been obtained from hydrocarbon
seeps in the Gulf of Mexico, at water depths ca. 1000 m shallower than Venere MV, where
chemosynthesis-based communities have been found to take tens of years to reach maturity
(Nix et al., 1995; Smith et al., 2000). This is less than the lifespan of Vestimentiferan
tubeworms such as of Lamellibranchia sp. which in established colonies can reach 100-150
years (Fisher et al., 1997; Southward et al.,, 2011). At Venere MV, the mature tubeworm
colonies observed at Sites 1 and 4 along ruptures in the carbonates are therefore inferred to
be at least tens to hundreds of years old, in turn implying the fractures they populate to be of
similar age. This is consistent with numerical models showing that disseminated carbonate
pieces or crusts of few centimeter thickness take at least several centuries to develop (Luff et
al., 2004), while the growth of massive (dm-thick) authigenic carbonate crusts may take
place over longer timescales, at rates of up to 5 cm/kyr (Luff and Wallmann, 2003; Bayon et
al., 2009). Ruptures and visibly exposed carbonate crusts of >20 cm thickness were
observed at several locations at the peripheral seeps of Venere MV, indicating that seepage
has persisted throughout the last thousands of years (Loher et al., in review (G3)).
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Figure 7.9. Conceptual evolutionary model for the carbonate structures and chemosynthesis-based
communities observed at the peripheral seeps of Venere MV. White arrows in seafloor photos point to
rising gas bubbles.
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7.7. Conclusions

Detailed acoustic and visual investigations of submarine fluid seeps located along ring-faults
peripheral to Venere MV allow the recognition and categorization of a range of seafloor
expressions of gas seepage. At all sites, high acoustic backscatter is seen to correspond to
authigenic carbonate deposits, of varying morphology and structure, indicating methane to
be the predominant carbon source. The carbonates are colonized by chemosynthesis-based
organisms known to be associated with microbially mediated AOM driven by methane supply
from below. Sites of gas bubble release from the carbonates or surrounding hemipelagic
sediments indicate localized methane oversaturation and focused fluid flow to by-pass the
microbes performing AOM. All sites investigated in this study lie within the gas hydrate
stability zone, free gas trapped within a sampling tool in the water column spontaneously
formed hydrate and putative flakes of gas hydrate were observed to rise from seabed
sediments during sampling. Gas is presumed to form hydrate locally in the subsurface, but
seafloor structures are attributed primarily to self-sealing and fluid overpressures in response
to carbonate precipitation. The varied expressions of seepage observed are used to propose
a conceptual model for the evolution of seep settings, involving five possible stages:

A) Plain seepage through bioturbated, hemipelagic sediments, with gas bubble release from
small orifices.

B) Black patches and filamentous microbial mats develop within sediments hosting
disseminated carbonate pieces or thin crusts, and localized gas bubble release. Persistent
seepage over several tens of years is required for this development stage.

C) Carbonate pavements partly seal the seafloor, but diffusive fluid migration and gas bubble
release through cracks and at the edges of the pavements sustains microbial mats and the
development of chemosynthesis-based communities, gas trapping due to carbonate growth,
and potentially due to gas hydrate formation, contribute to pressure build-up and the
formation of mounded morphologies on the seafloor. Persistent seepage over hundreds of
years is required to reach this stage.

D) Carbonate mounds develop, comprising dm-thick, fractured but strongly cemented slabs.
Fractures result from brittle failure in response to subsurface pressure build-up, and allow
seawater rich in sulfate to infiltrate and sustain chemosynthesis-based organisms such as
tubeworms which root beneath the carbonate slabs. Carbonate cementation may re-seal the
mounds. Mound development is estimated to require several thousand years.

E) Collapse depressions lined by fractured carbonate slabs may also develop, due to release
of trapped gas on development of fractures. Colonization by chemosynthesis-based
organisms indicates resumed seepage within several tens to hundreds of years.

This model for the evolution of cold seeps is suggested to apply to other structures observed
in the eastern Mediterranean Sea, which resemble those at Venere MV. Changes in fluid
flow, gas accumulation and pressure release are the three factors inferred to control the
evolution of seafloor expression of seepage, in the case of Venere MV primarily in response
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to carbonate precipitation and secondarily in response to gas hydrate formation and
dissolution. The results of this study help to interpret seep sites encountered during visual
seafloor exploration and highlight the extent and dynamics of seafloor mounds or craters
formed in association with gas release from marine sediments.
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8. The structure and morphology of a mudflow from Venere Mud Volcano
(Central Mediterranean)

8.1. Introduction

Marine cold seeps are sites on the seafloor where typically the focused upward flow and
release of methane-rich fluids occurs (e.g. by gas ebullition). They are often associated with
oasis-type chemosynthesis-based faunal communities and authigenic carbonate deposits
(Suess, 2014). Mud volcanoes (MVs) are considered to be a specific type of seepage
structure whereby the focused flow of subsurface fluids leads to the additional mobilization,
transport, and discharge of solids (i.e. soft sediments and rock clasts). Such a three-phase
(gas-water-sediment) mixture is referred to as mud breccia and it is typically discharged as a
mudflow onto the seafloor (Cita et al., 1981; Mazzini and Etiope, 2017). Most of the methane
advected towards the seafloor is degraded microbially when electron acceptors such as
oxygen for aerobic methane oxidation (MO) or sulfate for anaerobic oxidation of methane
(AOM) are able to penetrate into the sediments from the seawater (De Beer et al., 2006).
Rapid fluid seepage and the extrusion and emplacement of methane-rich but sulfate-poor
mudflows can challenge the colonization by cold-seep organisms that depend on AOM in two
ways: 1) chemically, due to the lack of electron acceptors such as sulfate in the fresh mud
breccia (Loher et al., in review (JMPG)) or their inability to penetrate due to rapid upward
fluid flow (Luff and Wallmann, 2003; De Beer et al., 2006); and 2) physically due to burial,
dislodgement, or destabilization of the organisms by the movement of the mudflow or
subsequent eruptions (Roberts and Carney, 1997). Whereas it is difficult for cold-seep
ecosystems to develop near the active extrusive centers of MVs, they have been found on
old mudflows (Olu-Le Roy et al., 2004; Huguen et al., 2005; Jerosch et al., 2007; MacDonald
and Peccini, 2009) as well as at peripheral sites of fluid release (Olu-Le Roy et al., 2004;
Loher et al., in review (JMPG)).

It has been proposed that MV eruptions are episodic (Kopf, 2002; Deville and Guerlais, 2009)
and for example in Azerbaijan MV eruptions have been observed to only persist for a few
hours or days (Planke et al.,, 2003). The expression of slow extrusions and fluid-mud
discharge have been predominantly documented from terrestrial MVs during quiescent
phases of activity. Dense mud plugs are squeezed out in bulk mass at several cm/day and
show fractures and extrusion striations (Planke et al., 2003; Roberts et al., 2010). Emission
of high-viscosity muds tend to form elongate flows that move downslope fastest at the center
and slow down at the sides as they spread out in lobes. When the mud sheets are deposited
they typically dry up and mud cracks develop in slab-like patterns (Hovland et al., 1997). At
offshore MVs, visual observations of the surface of MV mudflows are limited to individual
photos showing similar cracks and striations to the terrestrial examples (Dupré et al., 2007)
or mud breccia ridges and crevasses (Zitter et al., 2005). The behavior and expression of
mudflows remain largely unexplored and areally comprehensive visualization of such
structures are lacking.
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8.2. Objectives and methods

This study presents the results of optical surveys across a site of recent mud breccia
extrusion at the summit of Venere MV (Central Mediterranean) and morpho-structural
analyses of the entire mudflow based on acoustic data. Photographic footage has been
assembled to a photomosaic of >400 m? and presents a unique dataset of an extrusion site
of a MV adjoining mudflows a deep-sea environment. In particular, the results allow new
insights on the potential flow behavior and material transport processes of MVs.

Seafloor bathymetry and backscatter data were obtained with a Kongsberg EM122 (12 kHz)
ship-based system and an EM2040 (300 kHz) system mounted on autonomous underwater
vehicle (AUV) MARUM-SEAL 5000. Visual seafloor observations were conducted using the
remotely operated vehicle (ROV) MARUM QUEST 4000m. The photo mosaic consists of
almost 700 individual seafloor images, which were acquired from altitudes 1-2 m above
seafloor and based on smoothed ultra-short baseline (USBL) navigation data of the ROV
(estimated accuracy is better than 10 m; (Bohrmann et al., 2015)). The LAPM tool (Marcon et
al., 2013) was utilized for compilation of the mosaic by using the automatic feature detection
function as well as by setting tie points manually.
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Perspective view in a

Figure. 8.1. a: AUV-derived bathymetry showing Venere MV (two cones and caldera); at the western
summit the extrusion site is shown (inset) and the black box shows the extent of Fig. 8.2; b: 3D-perspective
view (hillshade with illumination from NW) of the western cone of Venere MV showing the most recent
mudflow in the foreground: channelized section extends from the summit to the floor of the caldera where
the lobate section begins at the break in slope inherent with a widening of the flow; c: Photomosaic of the
most recent mudflow at the extrusion site draped on AUV-borne bathymetry (v.e. ~10x; note extent and
location indicated in a) and b)).
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8.3. Morphologies of a recent mudflow

The most recent mudflow at Venere MV extends from the western summit (Fig. 8.1) and is
emplaced along the southern flank of the MV. This flow is over 1.6 km long and can be
subdivided into: 1) a channelized section in the upper part and along the MV slope and 2) a
lobate section at the foot of the MV edifice (Fig. 8.2). Its site of origin is crescent-shaped, ca.
3 m across, in the summit area of the western cone (Fig. 8.1a). The central part of the
exposed mudflow is domed convex-up and consists of irregular, angular bodies (up to
several dm in size) of light grey mud breccia separated by crevasses (several cm to dm deep)
oriented orthogonal as well as parallel to the flow direction (Fig. 8.3a+b). These bodies show
sets of fractures and joints and their flat-top surfaces are often covered by flow-parallel (cm-
scale) striations (Fig. 8.3c). The edges of the flow are marked by ridges of smooth mud
breccia (up to 0.5 m high) deposited on the sides and bordering older generations of
mudflows with fine-scale fracture networks and striations in regular patterns (Fig. 8.3d+e).
Outside of the mudflows, light grey mud breccia is exposed underneath an olive-brown
surface where elongated, downslope-extensional fractures occur (Fig. 8.3a+b).

The channelized mudflow terminates at the foot of Venere MV and transitions to zone of
deposition consisting of several tongue-shaped, partly amalgamated lobes of material (Fig.
2). The lobes consist of stacked sheets of material, whereby they terminate in parallel ridges
(resembling contours) visible in the ramped frontal parts of the lobes.

1) Channelized part of mudflow 3) Frontal ramp of mudflow
2) Transition to lobe-shaped mudflow 4) Ridges in sheets of the mudflow

Figure 8.2. Bathymetry (a) and backscatter (b); light colors represent higher backscatter) of lower section of
the most recent mudflow (see Fig. 8.1 for location), black arrow indicates downslope flow direction.
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Fig. 8.3. a: Photomosaic of the extrusion site and mudflow (for extent see Fig. 8.1); b: Interpretation of a)
showing different generations of mudflows; c: intact, angular blocks of mud breccia rafted on top of the flow
(white arrows point to orthogonal fractures, black arrows point to striations on top of the mud breccia
blocks); d: Striated and finely textured mud breccia with slight dusting of hemipelagic sediments; e:
Polygonal fractures in mud breccia surface; f: Shear fractures along the mudflow edge (black arrows
indicate en-échelon arrangement).

8.4. Discussion of mudflow structures

The observed mudflows at Venere MV indicate that the mud breccia was extruded as a
cohesive mass that generated viscous gravity-driven flows. The surface morphology of
Venere MV documents that mudflows can stack-up and become amalgamated where fresh
material has moved along the pathways of previous mudflows or where they spread over the
surface of pre-existing deposits. This is in contrast to the types of flows previously known
from cone-shaped submarine MVs, where sidescan backscatter investigations have revealed
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narrow, radial flows of mud breccia flows at cone-shaped edifices (Ivanov et al., 1996a; Paull
et al.,, 2015b). The photomosaic draped onto the bathymetry reveals that levee-like ridges
can be formed by the deposition of material at each side-wall of the mudflows, which results
in a duct for the flow (Fig. 8.1c). Furthermore, recurrent mudflows are extruded from a narrow
area at the summit of Venere MV. This points to stable conduits within the seafloor edifice of
conical MVs, capable of supplying mud breccia for hundreds if not thousands of years, as
indicated by mudflows mapped and dated across the cone of Venere MV (Loher et al., in
review (G3)). This observation substantiates previous modelling results of conical mud
volcanoes, which suggested that mudflows extruded from conical MVs that are near their
maximum height, should be thin and fluid rich and may, therefore, flow to the foot of the
structure (e.g. Murton and Biggs (2003)).

Meter-scale fractures occur on the surface of the most recent mudflow (Fig. 8.3a+b). They
are interpreted to result from tensional forces induced on the mud breccia by the spreading
of material laterally (e.g. outward from the convex-up, central bulge of the mudflow) or by the
gravity-induced downslope motion of material. The gravity-driven mudflows move faster in
steeper terrain and the down-slope section of the cohesive mudflow exerts a tensional stress
on the upper section — i.e. promotes crevasses orthogonal to the flow direction. The fastest
moving portion of MV mudflows is typically at their center whereas movements are slower at
the edges (Hovland et al., 1997). Additional fractures at the edge of the mudflow (Fig. 8.3f)
are interpreted to result from the effect of friction between the mobile mud breccia and the
unmoving material at the edge or underneath the flow. These fractures and the ridges
observed in the mudflow-lobes at the foot of the cone, respectively, are similar to crevasses
typically observed in glaciers (see examples on http://www.swisseduc.ch/glaciers/
(26/09/2017)) and the furrow and ridge morphologies known from rock glaciers (e.g. Kaab
and Weber (2004), Frehner et al. (2015)). There, crevasses and ridges result from either
extending or compressive flow, respectively, when changes in slope occur or through
different rates of movement within the flow (Nye, 1952; Vornberger and Whillans, 1990;
Harper et al., 1998).

A similar mechanism for the formation of fractures is known from plastic materials moving at
differential rates to each other. It has been observed that fluids or sediments moving at faster
rates underneath an overlying sediment layer (e.g. a cohesive bed of clay) lead to the
detachment of sediment bodies (Shanmugam, 2000; Paull et al., 2013). In this case, the
fractures propagate through the cohesive surface layer to the top of the faster moving
material in the interior of the flow, similar to crevasse-formation in glacier flow (Nye, 1952). At
the mudflow of Venere MV a similar behavior could be expected in case the movement of the
flow was faster in the interior (i.e. depths of several cm to dm given the depth of the fractures)
than in the surface material. This implies that there can be differential rates of movement
within a single mudflow, in turn influencing its surface expression. Subsurface movement of
mud breccia and fracture formation could explain the exposure of fresh mud breccia on the
seafloor of apparently inactive MV systems, without the requirement of a violent eruption (as
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proposed e.g. for the Pythagoras MV by Foucher et al. (2009)), through the injection of fluid-
rich mud breccia underneath a slow or stationary package of cohesive mud breccia.

On a dm-scale, the most recent mudflow shows a network of orthogonal fractures that cross-
cuts its surface both orthogonal and parallel to the flow direction into flat-topped, angular
bodies of mud breccia (Fig. 8.3c). Loss of volatiles and the infiltration of seawater into pore
space may support the formation of such cracks in surface-near mud breccia down to the
cm-scale. The orthogonal arrangement of the fracture network (Fig. 8.3c+e) may be the
result of a desiccation process similar to patterns observed in dry and cracked mudflows of
terrestrial MVs (Hovland et al., 1997). Extrusion striations seen on the surface of the flat-
topped bodies remain preserved even several meters away from the extrusion site (Fig. 8.3c).
These cm-scale striations resemble slightly larger striations previously observed at MVs
offshore (see Fig. 11, photo e) by Dupré et al. (2007)) and on land (see Fig. 4D in Planke et
al. (2003)). In MVs of Azerbaijan, such deposits have been interpreted to result from the slow
but continuous extrusion of viscous, plastic mud breccia at rates of several meters/year
(Guliyev and Feizullayev, 1997; Planke et al., 2003; Mazzini and Etiope, 2017). Their
mechanism of extrusion has been compared to the squeezing of “toothpaste” from a tube
(Hovland et al., 1997; Roberts et al., 2011b). At Venere MV, the striated and angular blocks
of mud breccia appear as intact bodies rafting in the center of the mudflow again an
indication that subsurface material might flow faster than the cracked and desiccated surface
layer.

In the manuscripts | and Il (Chapters 5 and 6), the ongoing extrusive activity and mud
movement at the summit of Venere MV have been demonstrated. The freshly extruded mud
breccia appears devoid of chemosynthesis-based macrofauna in contrast to the methane-
charged sediments and carbonate mounds at the peripheral seeps (e.g. manuscript Il in
Chapter 7). This phenomenon has previously been described at other MVs (Wallmann et al.,
2006) and is attributed to the lack of sulfate in the mud breccia as the terminal electron
acceptor which is typically required by the organisms performing AOM. Furthermore, mud
movements across benthic ecosystems can cause significant disturbance and challenges the
settlement of seep fauna (Roberts and Carney, 1997; MacDonald and Peccini, 2009;
Feseker et al., 2014). In this study it cannot be resolved if any cold-seep ecosystems have
been disturbed or covered by the emplacement of the studied mudflow.

8.5. Conclusion and outlook

This is one of few studies which present a high-resolution visual documentation of a recently
extruded mudflow of a deep-sea MV. The high-resolution seafloor images from
photomosaics provide a better spatial context for understanding the dimensions of seafloor
morphologies than single seafloor photos. In addition, the preliminary analysis and
interpretation of mudflow structures reveals analogies to glacial morphologies and indicates a
complex flow behavior potentially involving differential motion and frictional forces between
fresh and old deposits or differences in the mud breccia composition (clast-rich vs. fluid-rich).
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Comparisons with model experiments of fluid and sediment flows or geotechnical
investigations on sediment (mud breccia) samples may provide further insights for the flow
behavior (rheology), flow speed (e.g. mud flowing on an inclined plane), or the spreading
behavior of mud breccia (e.g. on the flat caldera floor). A range of temperature profiles are
available from the summit site as well as of more distal mudflows (Bohrmann et al., 2015)
and their analysis and interpretation may further help to better differentiate between younger
(warmer) or older (colder) flows and their respective morpho-dynamic behavior.
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9. Mud volcanoes across the Calabrian Accretionary Prism — mapping
morphology and backscatter

9.1. Summary

This chapter presents an updated inventory of MVs in the CAP following the initial study of
Ceramicola et al. (2014b). Confirmed and inferred MVs are analyzed and mapped based on
their morpho-acoustic characteristics and different categories of mud constructions have
been identified. Examples of previously known and newly identified MVs are shown based on
the available bathymetry and backscatter obtained during cruise M112 (Bohrmann et al.,
2015). The MV distribution across the different morpho-structural domains of the CAP is re-
assessed and the relationship between MVs and tectonic structures is investigated. In
preparation for a potential future submission to a peer-reviewed journal, the following
paragraphs present a general introduction including some open questions with regard to the
MV distribution in the CAP. For general tectonic setting and geological background the
reader is referred to Chapter 2 of the thesis.

9.2. Introduction

The margins of northern Africa and southern Eurasia bordering the eastern Mediterranean
Sea, host one of the world’s highest abundance of currently recorded submarine mud
volcanoes (MVs; (Kopf, 2002; Foucher et al., 2009; Mascle et al., 2014)). Several MVs have
been found at the Nile Deep Sea Fan (Dupré et al., 2007) but they are most abundant in
tectonic settings experiencing compression such the Mediterranean Ridge, the Anaximander
Mountains, or the Calabrian Accretionary Prism (CAP; (Limonov et al., 1996; Woodside et al.,
1998; Ceramicola et al., 2014b; Mascle et al., 2014)). Specifically the CAP is a little explored
area (Foucher et al., 2009) and the occurrence of 54 MVs has only recently been recognized
(Praeg et al., 2009; Ceramicola et al., 2014b).

MVs can show characteristic seafloor morphologies typically resulting from mud breccia
extrusions that lead to the build-up of edifices, cause subsidence and form a caldera (Evans
et al., 2008), or involve a combination of both positive and negative morphologies (e.g. Van
Rensbergen et al. (2005a)). Recent or fossil mudflows may be indicated by elevated
backscatter intensities due to either (or a combination of) their irregular surface, high clast
content, or the presence of free gas in the pore space of the mud breccia (Volgin and
Woodside, 1996). Whereas ship-based seafloor bathymetry and backscatter data have
revealed the location, general shape, and extent of many MVs on the CAP, most are
rendered at resolutions insufficient to study their detailed morphology and associated
mudflows. However, understanding the surface expression of MVs is important as it can give
insights into their most recent phases of activity and the dynamics by which they emit fluids
and mud breccia (e.g. Dupré et al. (2008), Feseker et al. (2014)). In many cases, however,
the morphological diversity of MVs neighboring each other in a similar tectonic setting has
remained speculative (Huguen et al., 2004; Paull et al., 2015b).

In the Eastern and Central Mediterranean including the CAP, a large number of MVs have
been found associated to folds or thrusts at (or near) the seafloor (Fusi and Kenyon, 1996;
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Galindo-Zaldivar et al., 1996; Kopf et al., 1998; Praeg et al., 2009). This substantiates
findings from other regions that overpressure generation and release by focused fluid flow is
favored by tectonic compression (Higgins and Saunders, 1974). Praeg et al. (2009) argue
that compressive stress is not actually favorable to vertical fluid migration and likely neither to
mud breccia ascent. Fluids may, however, use existing fractures or faults as migration
pathways (e.g. during phases of overpressure release by fault-failure; (Bonini, 2007)) or self-
generate pathways by hydrofracture in case overpressure is high enough to overcome the
fracture toughness of the surrounding sediment (Deville et al., 2010). Alternatively, strike-slip
faults have been found to significantly lower the threshold for the generation of critical pore
fluid pressures that are capable of causing sediment fluidization (Mazzini et al., 2009a) and
appear to represent efficient pathways even for deep-seated crustal fluids (Hensen et al.,
2015).
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Fig. 9.1. Bathymetry of CAP (note stretched depth scale to accentuate morpho-structural zones, which are
drawn in stippled black lines after Ceramicola et al. (2014b)) and location of named MVs (some are shown
in more detail in Fig. 9.3) in the forearc basin, along the Calabrian Escarpment (inner pre-Messinian prism)
and one MV in the outer pre-Messinian prism (Nikolaus MV); black box indicates extent of Fig. 9.2.

In the CAP it has been proposed that mud volcanism was triggered by post-Messinian out-of-
sequence thrusts (Polonia et al., 2011; Panieri et al., 2013; Ceramicola et al., 2014b) and a
number of MVs are found associated with structural features such as thrusts or transpressive
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faults at the inner deformation front (Praeg et al., 2009; Panieri et al., 2013; Gutscher et al.,
2017). There remain, however, open questions regarding the distribution of MVs seawards of
the Calabrian Escarpment in the outer part of the pre-Messinian prism (Fig. 2.5; (Ceramicola
et al.,, 2014b)). This morpho-structural domain of the CAP is strongly affected by out-of-
sequence thrusting (Minelli and Faccenna, 2010; Polonia et al., 2011). The presence (or
absence) of MVs in this part of the CAP could support (or challenge) the hypothesis that the
out-of-sequence thrusts act as preferential fluid migration pathways from deep within the
CAP. Furthermore, a number of MVs appear to be located several km landwards of the
largest out-of-sequence thrusts, the so called Calabrian Escarpment, rather than at the thrust
plane outcrop and their exact structural context remains unclear (Ceramicola et al., 2014b).
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Fig. 9.2. Comparison of seafloor bathymetry (a) and b)) and backscatter (c) and d)) from 2005/2009 (a)
and c); (Ceramicola et al., 2014b)) and new data from 2014 (b) and d; (Bohrmann et al., 2015)); all four
panels show the same geographical extent; note that in the new data it is possible to identify individual
mudflows and structures clearly based on morphology and backscatter where previously these may have

been insufficiently resolved.
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9.3. Approach and results of mud volcano mapping

This study uses hydroacoustic characteristics (bathymetry and backscatter) to investigate
potentially new MVs or re-evaluate those already proposed by Ceramicola et al. (2014b).
Whether an observed morphology or backscatter anomaly can be attributed to an extrusive
structure such as a MV is ultimately only proven by seafloor sampling, i.e. by sediment cores
containing mud breccia. However, the resolution of the seafloor bathymetry and backscatter
data available for the study area has been greatly increased (Fig. 9.2) during the surveys of
cruise M112 in 2014 (Bohrmann et al., 2015) compared to the previously available data
(Ceramicola et al., 2014b).

A selection of four MVs are shown in the 3D-panels of Fig. 9.3 to exemplify a range of
morphologies and structures that have been described in the new dataset. Only the Sartori
MV had previously been known and the Poseidon, Cetus, and Nikolaus MVs have been
newly identified based on their morphology and high backscatter intensities (sediment cores
exist additionally for Poseidon and Cetus MV but these are not discussed here, see
Bohrmann et al. (2016)):

e  Sartori MV is a pie-shaped MV with extensive (apparently far flowing) mudflows visible
in the backscatter only. The far-flowing behavior strongly contrasts with extrusions that
must have formed the main pie.

e Poseidon MV is a mound or pie-shaped MV located at the SE end of a chain of MVs
referred to as the MV Ridge situated at the Calabrian Escarpment. Mudflows can be
seen to have flowed down the escarpment over horizontal distances of >6 km.

o Cetus MV is a well-defined, pie-shaped structure surrounded by a moat and ridge
feature. A major mudflow (visible morphologically and in backscatter) extends
downslope at the Calabrian Escarpment along the foot of a steep wall. Parasitic mounds
appear to populate the surrounding (caldera?) of Cetus MV. On top of the wall, a small
cone-shaped MV is situated. This mini-cone is classified as an individual MV since.

¢ Nikolaus MV is a cone-shaped structure with a summit caldera. Mudflows are clearly
visible in backscatter data and they extend downslope into a deep basin over several
kilometers horizontal distance.
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Fig. 9.3. 3D-views of MVs (bathymetry on left side) and backscatter (on right side); a-b: Sartori MV which
had been previously identified and named by (Ceramicola et al., 2014b); c-d: Poseidon MV as one MV of
the so called MV Ridge; e-f: Cetus MV and a mini-cone MV in close proximity; g-h: Nikolaus MV identified
and named during M112 as the first clearly identified MV seawards of the Calabrian Escarpment; locations
of the respective MVs can be found in Fig. 9.1.
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Bathymetry and backscatter data was manually examined in a geographic information
system (GIS) and ambiguous morphological patterns or high backscatter patterns (elevated

above the surrounding seafloor) were considered. This resulted in a range of potential
features as candidates of MV structures. From these, three groups of MVs have been
classified based on the following criteria:

148

Confirmed MVs — Structures which have either been confirmed to consist of mud
breccia by coring (i.e. Venere MV (both cones), Madonna dello lono MVs (both cones
and a dome inside the caldera), Pythagoras MV, Sartori MV, Poseidon MV) or which
show clear morphologies such as mudflows, calderas, moats, or extrusion sites in
bathymetry or backscatter; examples of confirmed MVs are shown in Fig. 9.3.

MVs with high confidence — Structures that show morphologies resembling the
confirmed MVs or which are characterized by distinct patterns of elevated backscatter
but lack distinguishable mudflows (or vice-versa). This category also contains a number
of potential MVs as parasitic (secondary) extrusive sites of larger (confirmed) MVs;
examples of MVs identified with high confidence are shown in Fig. 9.4 b-d.

MVs with medium or low confidence — Structures characterized by a seafloor
morphology (often small and close to the limit of resolution, i.e. 50 m) or by elevated
backscatter lacking a clearly defined extent or shape; examples of MVs identified with
medium to low confidence are shown in Fig.9.4 e+f.
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Fig. 9.4. a: Bathymetry map of the study area with tectonic structures after Gutscher et al. (2017); b-f) Pairs
of bathymetry (left side) and backscatter (right side) of MVs and annotated features; b-d: MVs identified with
high confidence; e: MV classified as low confidence; f: MV classified as medium confidence.
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9.4. Discussion

Ultimately, only visual observations or ground truthing by geological sampling can confirm or
reject an alleged MV but also geophysical evidence can provide a good degree of confidence
(Volgin and Woodside, 1996; Mascle et al., 2014). The resulting distribution of MVs across
the CAP (Fig. 9.5) clearly confirms the previous finding by Ceramicola et al. (2014b) that
most MV (84%) occur in the forearc basins and the inner pre-Messinian prism (i.e. landward
of the Calabrian Escarpment) an area referred to as the inner plateau. However, the herein
presented results also identified two new regions (Fig. 9.5). The first consists of an area at
the SW edge of the inner plateau where previously only the Athena MV and two unnamed
MVs had been known (Ceramicola et al., 2014b). A few new but putative MVs in this region
are located on what has been referred to as the mid-slope basins of the W lobe of the CAP
(Gutscher et al., 2017). The second region lies among the oblique ridges and troughs (fold-
and-thrust belt) seaward of the Calabrian Escarpment, and potentially hosts up to 27 MVs
(including the newly named Nikolaus MV; Bohrmann et al. (2015)) where previously only one
MV had been recognized (Ceramicola et al., 2014b). They are all located on morphological
highs (ridges) or on flat plateaus of the fold-and-thrust belt. Interestingly, they do not
correlate with the thrust-plane outcrops of the splay faults identified for example by Polonia et
al. (2011) and as already noted by Ceramicola et al. (2014b), no MVs occur at the base of
the Calabrian Escarpment.
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Fig. 9.5. Bathymetry map of the CAP with the location of MVs that are confirmed (black), MVs with a high
confidence (blue), and MVs with a medium or low confidence (magenta) on the basis of the analyses of
geophysical data and available sediment cores; two shaded areas delineate the aproximate extent of new
potential MV regions; thrust faults (black lines with teeth), strike-slip faults (black arrows indicate sense of
motion), and structural lineaments (dark grey lines, stippled where unclear) are after Gutscher et al. (2017)

and Polonia et al. (2011).
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Polonia et al. (2011) noted that the Calabrian Escarpment is characterized by transpressive
faults indicating strain partitioning at the transition between the inner plateau and the fold-
and-thrust belt. Based on the new bathymetric data and regional seismic investigations, the
transpressional ridges and elongate troughs have been attributed to strike-slip deformation
affecting this region (Gutscher et al., 2017). In this context, a tentative interpretation of the
MV distribution relative to the out-of-sequence thrusts (also “splay faults”) identified by
Polonia et al. (2011) and strike-slip faults across the Calabrian Escarpment identified by
Gutscher et al. (2017) is presented (Fig. 9.6). At the transition between inner plateau and the
fold-and-thrust belt, the MVs appear to be predominantly aligned with the dextral strike-slip
faults. This holds true for the case for Pythagoras MV, which has been previously associated
with a NW-dipping thrust (Praeg et al., 2009) but can now be seen to be additionally situated
in the extension of a major strike-slip fault. Several other MVs, including the Cetus MV
investigated during M112 (Bohrmann et al., 2015), are aligned parallel to this transpressive
feature. Also the MV Ridge (consisting of a series of up to 21 confirmed and medium-
confidence features) shows a clear relation to a strike-slip fault. This fault that has been
tentatively extended further seaward by the author, given that there is a clear break in
morphology across the fold-and-thrust belt, and connects to several MVs located seaward of
the Calabrian Escarpment.

The occurrence of the MVs along major strike-slip faults may explanation why several are
located a few km landwards of the Calabrian Escarpment rather than at the thrust-plane
outcrop. It can be interpreted that these faults provide more efficient fluid migration pathways
than the thrust planes. Given the lack of deeper-reaching subsurface data targeting
specifically the MV sites, the exact ascent mechanism or pathways can only be speculated. It
is possible, however, that the strike-slip component in the overall transpressive setting
provides pathways that are oriented more sub-vertically and are more favorable for the
upward migration of fluids and mud breccia than the thrust planes. Whether the strike-slip
faults reach deep enough to allow the direct ascent of material from strata as old as the
Cretaceous, as for example indicated by mud breccia clast analyses at the Pythagoras MV
(Praeg et al., 2009), cannot be currently resolved. The potential interception of sub-vertical
conduits as proposed for MVs in the CAP (Praeg et al., 2009) with the thrust or strike-slip
faults have, therefore, been labeled with a question mark.
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Fig. 9.6. Upper image: 3D-view on the central CAP with fold-and-thrust belt (Calabrian Escarpment thrust
with red lie and teeth pointing downdip; seawards thrusts with black lines and teeth) disected by a
transpressional system (dextral strike-slip in thick black lines); colored dots indicate MVs (black =
confirmed; blue = high confidence; magenta = medium/low confidence; tectonic lineaments after Gutscher
et al. (2017) and Polonia et al. (2011)); Lower image: conceptual sketch of the structural setting at the
Calabrian Escarpment and one set of the fold-and-thrus belt; MV locations are schematic to show structural
alignment with strike-slip features at the Calabrian Escarpment. Question marks indicate that the fluid
migration pathway at thrust intersection is unclear but do not follow the thrust plane to the surface.

9.5. Conclusions and Outlook

Most MVs in the Mediterranean occur in remote deep-sea environments where geophysical
techniques such as mapping by multibeam echosounders or sub-bottom (seismic) profilers
has proven to be essential for the efficient and systematic identification of extrusive features
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and gas seepage sites (Fusi and Kenyon, 1996; Ceramicola et al., 2014b; Mascle et al.,
2014). The preliminary investigations presented here was so far limited to a bathymetry and
backscatter dataset but already led to the identification of two new MV areas: 1) seaward of
the Calabrian Escarpment (referred to as the fold-and-thrust belt), and 2) in the SW region of
the inner plateau. MVs are apparently even more widely distributed across the CAP than
previously recognized and activity along strike-slip faults may provide alternative fluid
migration pathways to the out-of-sequence thrusts previously favored.

By including analyses of the existing sub-bottom (Parasound) profile data from the survey
lines during the M112 cruise (e.g. Fig. 9.7), a more reliable identification of some of the
medium-low confidence MVs could be achieved. The study of sub-bottom data may help to
identify potentially buried mudflows but careful analyses or even ground truthing are required
to differentiate mudflows from mass transport deposits related to the dynamic sediment
transport processes known from the area (e.g. Polonia et al. (2013)).
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Fig. 9.7. Bathymetry (upper image) and sub-bottom profile (lower image, from A to B in upper image) of
Minerva MV located in forearc basin of the CAP (see Fig. 9.1 for location).

154 Markus Loher



9. Mud volcanoes across the Calabrian Accretionary Prism — mapping morphology and backscatter

It is proposed to follow the approach outlined by Ceramicola et al. (2014b) who suggested a
systematic characterization based on the following criteria: 1) MVs geologically proven by
sediment cores containing mud breccia; 2) MVs geophysically inferred by a combination of
morphology, backscatter, or unstratified acoustic facies in subbottom profiles. Ground
truthing of several of the new potential MVs in the newly identified regions will be needed,
however. For a more qualitative dataset concerning the so far identified MVs it will be
required to systematically measure the height and width of the edifices and potentially even
extract their volume from the bathymetry. This information could help to identify relationships
between the different morpho-structural regions of the CAP and the appearance of the MVs.
The great morphological diversity even at neighboring MVs remains an unresolved question.
Given the anomalous backscatter signatures of most MVs the areal extent of the most recent
mud breccia extrusions could be obtained by mapping the corresponding backscatter
patches. These datasets would complement the already existing but very general age
estimates of the most recent MV activity spanning the last 56 ka (Ceramicola et al., 2014b).
Estimates of the volumes and rates of mud breccia extrusion could provide first order
information on the amount and intensity of mud volcanism across the respective morpho-
structural zones of the CAP. Such data are only available for few submarine MV provinces so
far (Rabaute and Chamot-Rooke, 2007) and a systematic hydroacoustic mapping approach
may even prove to be more feasible than a similar endeavor for terrestrial regions.
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10.Conclusions and outlook

10.1. Summary of conclusions

This cumulative dissertation investigated past and current fluid seepage related to Venere
mud volcano (MV) and associated peripheral seeps in the Calabrian Accretionary Prism
(CAP, Central Mediterranean). The entire work focused on detailed seafloor mapping at
different scales: the regional MV distribution in the CAP (based on bathymetry and
backscatter maps at tens of meters resolution), Venere MV as an individual structure (based
on bathymetry and backscatter maps at meter-scale resolution), and the extrusion sites of
mud breccia and cold seeps with chemosynthesis-based organisms, authigenic carbonates,
and sites of gas bubble emissions (based on seafloor images with up to centimeter-scale
resolutions). The observations and maps are complemented by sub-bottom profiles and
geological samples including sediments, gas, and pore water. These data result from two
research cruises: RV METEOR cruise M112 and RV POSEIDON cruise POS499 visiting the
CAP in 2014 and 2016, respectively. In a forearc basin of the CAP, active gas bubble
emissions and freshly extruded mud breccia were recognized for the first time at Venere MV
during M112. AUV- (autonomous underwater vehicle) and ROV- (remotely operated vehicle)
investigations revealed the detailed structure of Venere MV. They revealed recent mudflows
from one of the two ca. 100 m high cones, peripheral seeps along a ring-fault system of a
subsidence caldera ca. 3000 m in diameter, and bedforms in Squillace Canyon in the
surrounding of the MV edifice.

The aim of the first manuscript in this work was to deepen the knowledge on processes
potentially underlying mud volcanism including the sources, depths, and migration paths of
fluids and solids by characterizing the ongoing discharge dynamics at Venere MV. The
second manuscript of this work focused on the sediments and detailed morphology and
backscatter characteristics of Venere MV, its mudflows, and bedforms in the surrounding
canyon. The goal was to unravel the development of the respective surface expressions over
time and potentially estimate the amounts of extruded material. In the third manuscript, the
aim was to develop an understanding on the processes which led to the formation of the cold
seep structures along the periphery of Venere MV by creating photo mosaics and by visually
mapping different seafloor facies.

The most important conclusions that can be drawn from the three manuscripts presented in
this thesis are summarized and represented in Fig. 10.1. Mud volcanism at Venere MV is
characterized by the extrusion of warm mud breccia (up to 13 °C warmer than background
temperatures), that contains thermogenic hydrocarbons (2.7 times oversaturated in methane)
and strongly freshened pore water. Gas flares occur at the summit and along four peripheral
seeps, which are additionally characterized by authigenic carbonate deposits and
chemosynthesis-based communities. Methane release at the peripheral seeps occurred
along ring faults, clearly associated to caldera formation. The ring faults are interpreted to
provide migration pathways for gas (but not mud breccia) which has been diverted from the
main conduit at a specific depth—a zone of critical pore fluid pressures where gas an migrate
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laterally—to the periphery of the mud volcano. A conceptual model consisting of an upward-
branching plumbing system is proposed for Venere MV. Thermogenic organic matter
degradation and mineral dehydration processes are interpreted to indicate a deep source
(>3.5 km) below the forearc basin of the CAP. The fluids do not indicate interaction with
Messinian salts, which seem to be absent or may have been removed during persistent fluid
flow over the past.

The surface of Venere MV consists of numerous, elongate, partially overlapping mudflows.
Their relative, stratigraphic succession and extent was mapped based on AUV-derived
bathymetry and backscatter data. Morphological change that occurred at the western summit
of Venere MV between 2014 and 2016 could be evidenced by differential bathymetry. The
recent sedimentation rate (0.17-0.19 mm/year) was determined in the study area in addition
to the amount of hemipelagic sediments overlying different mudflows. The emplacement
ages of investigated mudflows span about 4000 years until present. It could be calculated
that flows of 1-10*10° m® volume were extruded at average rates estimated to have ranged
between 5000-47000 m®/year in the last 882 years. The structure of the mudflows point to a
non-explosive, moderate, but persistent extrusive behavior of Venere MV. The twin-cones of
Venere MV are large edifices (ca. 178*10° m?) similar to known MVs offshore or on land
(Table 10.1). Such comparisons are difficult, however, since published volumes of MV
structures (mainly resulting from seismic investigations) tend to include subsurface deposits
(e.g. Kirkham et al. (2017)), which are presently unknown for Venere MV. The extrusion rates
estimated for Venere MV, however, are comparable to published values for the pie-shaped
Napoli and Milano MVs and the flat Haakon Mosby MV (Table 10.1). Volume estimates from
cone-shaped edifices have been lacking in the literature so far and the values obtained in
this study for Venere MV, are a valuable addition to the few available datasets, where both a
surface-edifice volume and estimates on extrusion rates are available. Erosive scours, cyclic
steps, and sediment waves in the surrounding of Venere MV indicate that gravity-driven
sediment-transport processes occurred in the canyon and spilled across the canyon levees.
They seem to have influenced the overall morphology of the MV but in turn, the MV deflected
the sediment flows and acted as an obstacle.

Chemosynthesis-based ecosystem diversity is high at the peripheral seeps of Venere MV
and includes the presence of microbial mats, vesicomyid clams, and tubeworms living in
close association with authigenic carbonate deposits. The seafloor facies could be well
documented and mapped by photo mosaics covering different areas influenced by ongoing
or past methane seepage. The benthic organisms depend on methane supply from below
and downward diffusion of seawater sulfate that supports the anaerobic oxidation of methane
(AOM) and precipitation of authigenic carbonates. Carbonate formation apparently seals off
the seafloor, diminishing fluid flow and sulfate supply, by forming extensive pavements. The
pavements trap gas in sufficient quantities to support gas hydrate formation. This local gas-
saturated reservoir induces an upward buoyancy force on the sediments and carbonates,
which eventually causes the carbonates to break. Crater-like collapse structures suggest an
instable seafloor in these areas. Along carbonate fractures, seepage and infiltration of
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seawater sulfate may occur supporting the re-colonization of carbonate fractures by
chemosynthesis-based organisms. In this study, a temporal development from plain seepage
to colonized features is proposed, which culminates in rupture formation and possibly
seafloor collapse over timescales of decades, centuries, and millennia, respectively.
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Fig. 10.1. Summary of the main results of this work showing AUV-based bathymetry draped on ship-based
bathymetry cut by parasound profile (v.e. ~10x) with gas flares and cartoons (not to scale) of geological
processes at Venere MV and Squillace Canyon; Venere MV is sourced by fluid-rich mud breccia (thick,
black arrows), which originates at depth and is extruded at the western summit as mudflows (old mudflow
deposits indicated by wedge-shape black lines in subsurface of the eastern cone). Gas (thick, white arrows)
migrates from a zone of critical pore fluid pressures, along ring faults that constitute an upward-branching
plumbing system. Gas emission occurs at peripheral seeps where carbonate mounds and rich
chemosynthesis-based ecosystems (dependent on AOM) are sustained. Gravity-driven sediment transport
occurs along Squillace Canyon, encounters Venere MV as an obstacle, and overspills the channel levees.

In a separate study, a photo mosaic from the active western summit of Venere MV has been
analyzed, which documents the patterns of fresh, elongate mud breccia flows on the seafloor
for the first time. The surface structure of these flows shows regular mud-crack patterns that
appear to form by degassing and dewatering while the mudflow progressively moves
downslope. Crevasses, furrows, and ridges closely resemble structures observed on (rock-)
glaciers. The high-resolution images suggest differential motion and variations in mud
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breccia composition on the outside compared to the inside to mudflows. Although these
results will require additional analyses, they provide insights into the flow behavior of mud
breccia at the seafloor.

In a final study, the distribution of MVs across the morpho-structural zones of the CAP was
reinvestigated. A detailed analysis of newly acquired ship-based bathymetry and backscatter
data of the CAP (with higher resolutions than previously available), not only confirmed most
of the MVs known to occur in the inner pre-Messinian prism and the forearc basins, but led to
the identification of two new potential MV provinces. The first province is an area in the outer
pre-Messinian prism and the second is located in the southwestern part of the inner pre-
Messinian prism and forearc basins. Their presence confirms the wide-spread nature and
importance of focused fluid flow across large areas such as accretionary prisms. Although
not all of the potential MVs have been geologically proven by ground-truthing yet, they may
provide a key to address remaining questions regarding the relationship of out-of-sequence
thrusting, strain partitioning, and fluid migration pathways along strike-slip faults in the CAP.

In summary, the relevance of the results presented in this work are not geographically
restricted to the CAP but deepen our knowledge of fluid-seep systems and mud volcanism in
general. Venere MV shows a persistent but moderate extrusive activity and caldera collapse
as opposed to short-lived, violent eruptions, which are so far documented or hypothesized for
most MVs on land or offshore, respectively. Caldera subsidence and ring faulting are
relevant for the potential development of cold-seep ecosystems at the periphery of
submarine MVs. It is shown for the first time that MV edifices can influence the flow dynamics
of turbidity currents. The evolution of Venere MV highlights long-term interactions between
fluid seepage, sediment extrusion, and sediment transport in submarine canyons. Cold-seep
ecosystems clearly evolve over time and involve dynamic processes of gas accumulation
and bubble release as well as self-sealing by carbonate precipitation, doming, rupturing, and
possibly seafloor collapse. The unique insights on submarine mudflows, cold-seep
ecosystems, and canyon morphologies document that the use of AUV- and ROV-based
seafloor technologies pave the way for new and exciting scientific results. This work has
permanently improved our understanding of one of the least explored regions on our planet
by bringing light (and sound) for a short time into to a usually dark and remote environment in
the deep sea.
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10.2. Outlook

A wealth of data and investigations exist on both terrestrial and offshore MVs globally. The
more numerous seafloor MVs and their potentially associated cold-seep ecosystems,
however, are only slowly emerging into view with advancements in state-of-the-art MBES
mapping technologies. In addition to simply studying their morphology and structure, it is
important to improve the constraints on the state and activity in terms of fluid and sediment
discharge. In the CAP, for example, estimates of the volumes and rates of mud breccia
extrusion will provide first order information on the amount and intensity of mud volcanism in
the different morpho-structural zones. Comparable data are only available for few submarine
MV provinces (e.g. the Mediterranean Ridge; (Rabaute and Chamot-Rooke, 2007)) and a
systematic hydroacoustic mapping approach may even prove to be more feasible than a
similar endeavor for terrestrial regions. To investigate MV evolution and dynamics requires
detailed morphological analyses, subbottom data, and supporting information about the
properties and composition of extrusive products. A large number of parameters possibly
influence the appearance of any individual MV and its mudflows and geotechnical properties
of mud breccia may help to elucidate flow behavior. Although gas hydrate occurrences have
so far only been documented at a few MVs in the warm Mediterranean Sea they represent a
natural laboratory to study gas hydrate behavior close to the stability boundary. With this
regard, more investigations are needed to test if (and if yes, how) gas hydrate deposits in the
subsurface play a role in sustaining cold-seep ecosystems by a consistent methane supply
as opposed to intermittent gas pulses observed at many cold seeps today.
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13.1. Supporting information for manuscript |

Mud extrusion and ring-fault gas seepage — upward branching fluid discharge
at the deep-sea Venere mud volcano (Central Mediterranean Sea)
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Submitted to the journal of Marine and Petroleum Geology on 21 May 2017. We provide
tables containing pore fluid data (Tables 13.1-11) used in the figures and main text (cmbsf =
centimeters below sea floor).

Table 13.1. Depth indication, chloride and sulfate concentrations of pore water analyses of GeoB19230-5.

Depth / cmbsf  Chloride / mmol/L  Sulfate / mmol/L

4.5 603.2 19.1
8.5 623.0 4.8
12.5 607.5 0.8
16.5 592.9 0.9
20.5 612.9 0.3
24.5 612.5 3.3
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Table 13.2. Depth indication, chloride and sulfate concentrations of pore water analyses of GeoB19236-1.

Depth / cmbsf Chloride / mmol/L  Sulfate / mmol/L

3

8
14
25
35
55
75
99
125
155
178
190

601.6
601.0
600.8
601.2
593.9
593.6
599.7
597.2
607.1
601.6
600.4
603.2

25.7
16.0
10.2
1.3
1.9
2.2
4.0
1.8
1.3
0.7
0.9
0.5

Table 13.3. Depth indication, chloride and sulfate concentrations of pore water analyses of GeoB19267-4.

Depth / cmbsf Chloride / mmol/L  Sulfate / mmol/L

3
7
11
15
19

613.9
610.8
615.1
618.8
610.6

2713
12.83
1.52
0.13
1.27

Table 13.4. Depth indication, chloride and sulfate concentrations of pore water analyses of GeoB19249-7.

Depth / cmbsf

3
7
11
15
19

196

Chloride / mmol/L  Sulfate / mmol/L

644.7
604.6
605.7
607.1
607.6

18.7
4.6
29
1.8
1.4
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Table 13.5. Depth indication, chloride and sulfate concentrations of pore water analyses of GeoB192340-10.

Depth / cmbsf

1.5
5.5
9.5
13.5
17.5

Chloride / mmol/L  Sulfate / mmol/L

613.0
609.6
611.3
609.7
611.2

28.1
24.0
22.0
24.8
213

Table 13.6. Depth indication, chloride and sulfate concentrations of pore water analyses of GeoB19242-6.

Depth / cmbsf

1
5
9
13
17

Chloride / mmol/L  Sulfate / mmol/L

573.5
542.4
506.1
416.8
314.3

26.1
22.7
21.7
18.2
9.4

Table 13.7. Depth indication, chloride and sulfate concentrations of pore water analyses of GeoB19242-10.

Depth / cmbsf

1.5
5.5
9.5
13.5
17.5

Chloride / mmol/L  Sulfate / mmol/L

587.9
546.5
521.0
471.3
419.8

271
22.6
22.6
18.3
14.1

Table 13.8. Depth indication, chloride and sulfate concentrations of pore water analyses of GeoB19242-11.

Depth / cmbsf
2

6

10

14

18

Markus Loher

Chloride / mmol/L  Sulfate / mmol/L

525.3
414.7
292.8
185.7
145.9

23.5
14.9
7.0
1.4
0.3
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Table 13.9. Depth indication, chloride and sulfate concentrations of pore water analyses of GeoB19242-14.

Depth / cmbsf  Chloride / mmol/L  Sulfate / mmol/L

1.5 539.4 25.8
5.5 438.3 17.5
13.5 171.5 0.9
17.5 169.2 1.1

Table 13.10. Depth indication, chloride and sulfate concentrations of pore water analyses of GeoB19242-17.

Depth / cmbsf  Chloride / mmol/L  Sulfate / mmol/L

2 243.3 4.5
10 160.2 1.0
14 128.2 0.3
18 160.9 0.7

Table 13.11. Depth indication, chloride and sulfate concentrations of pore water analyses of GeoB19245-1.

Depth / cmbsf Chloride / mmol/L  Sulfate / mmol/L

22 274.8 7.7
70 130.5 0.4
89 137.6 0.6
107 130.0 0.3
127 133.7 0.4
147 132.7 0.3
197 127.9 0.1
260 149.8 1.0
325 138.5 0.5
395 125.7 0.0
447 128.8 0.0
498 125.4 0.0
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13.2. Supporting information for manuscript Il
Mud volcanism in a canyon: Morpho-dynamic evolution of the active Venere mud
volcano and its interplay with Squillace Canyon, Central Mediterranean

Markus Loher', Silvia Ceramicola?, Paul Wintersteller', Gerrit Meinecke, Heiko Sahling”, Gerhard Bohrmann'

"MARUM - Center for Marine Environmental Sciences and Faculty of Geosciences, University of Bremen,
Klagenfurter Str., 28359 Bremen, Germany

20GS (Istituto Nazionale di Oceanografia e di Geofisica Sperimentale), Borgo Grotta Gigante 42/c, Sgonico,
34010 Trieste, Italy

Submitted to the journal of Geochemistry, Geophysics, Geosystems on 31 July 2017. In the
supplementary data we provide two figures (13.1 and 13.2) with core photos and
interpretations of the gravity- as well as the mini-cores used in this study. Fig. 13.3 is
complementary to Fig. 6.3 in the main manuscript showing the slope-map of the same areal
extent. Table 13.12 gives the results of the WDS analyses used in this study.
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Figure 13.1. Core photos of all mini-cores (numbers above indicate GeoB-identifier) used in this
study; the amount of hemipelagic burial of mud breccia is indicated by numbers next to cores.
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Figure 13.2. Core photos, lithology, and selected magnetic susceptibility profiles for gravity cores
used in this study; numbers above cores represent GeoB-identifier, depth axis in m. Magnetic
susceptibility of GeoB19279-1 and -19280-1 was acquired at MARUM-University of Bremen by a
Geotek multi sensor core logger (MSCL; Geotek Limited, Daventry, UK).
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Figure 13.3. AUV-derived slope map (5 m cell size, same extent as in Fig. 6.3) for Venere MV
indicating locations of mini-cores (triangles) and gravity cores (circles), numbers refer to GeoB-
identifier.

202 Markus Loher



13. Appendix

Table 13.12. Results of the WDS analyses from selected glass shards from Core GeoB19234-1
(43—44 cm depth) in normalized weight-% of each compound; note the phonolitic composition of the
upper group, the leucite micro-crystal in Ash3 (see also Fig. 4b in main manuscript), the rhyolitic
composition of the lower group, standard rhyolite (VG-568) and basalt (VG-A99) materials, and
literature values from Polonia et al. (2015), Wulf et al. (2008), and Paterne et al. (1988) used for
comparison and tephra identification.

Normalized compound weight-%

Analysis Na,0 MgO P,0; K,O0 SO, FeO MnO CaO TiO, SiO, AlLO; Original-Total
Ashl 6.58 0.53 0.13 9.11 0.05 3.67 0.11 4.02 046 5442 2092 95.65
Ashl 483 1.05 022 7.77 0.00 4.02 0.00 5.19 0.51 5535 21.06 101.46
Ashl0 5.03 0.04 002 11.20 0.01 1.67 0.15 2.07 0.13 58.15 21.53 99.56
Ash10 539 0.01 0.03 10.86 0.05 1.55 0.13 2.61 0.17 5627 2292 99.60
Ash2 576 0.12 0.01 986 0.06 229 0.15 256 0.22 5594 23.03 100.38
Ash3 7.55 0.09 0.05 7.31 0.02 1.85 021 337 0.19 56.15 2321 98.67
Ash3 7.80 0.10 0.03 7.16 0.01 190 0.03 3.35 027 5633 2299 98.51
Ash4 598 0.03 0.00 892 0.05 2.14 028 247 0.17 57.06 22.90 101.80
Ash4 7.55 0.06 0.03 8.66 0.00 1.76 0.00 2.38 0.18 5623 23.14 102.81
Ash5 551 0.53 0.09 8.69 0.09 3.79 0.14 4.56 042 5540 20.79 99.89
Ash5 4.85 0.57 030 8.80 0.08 3.75 021 4.55 048 55.54 20.87 100.33
Ash6 599 0.07 0.03 1046 0.02 2.02 0.09 239 024 5594 22.73 98.57
Ash6 6.05 0.05 0.05 10.11 0.04 1.73 0.10 2.37 0.18 56.05 23.25 97.90
Ash7 601 042 0.17 859 004 3.07 0.15 421 038 5599 20.97 99.71
Average 6.06 026 0.08 9.11 0.04 252 0.13 329 029 56.06 22.17 Phonolitic
st.dev 099 031 0.09 125 0.03 092 0.08 1.03 0.13 085 1.05

Ash3 (Leucite

micro-crystal) 0.76 0.00 0.04 20.59 0.01 0.65 0.00 0.04 0.08 55.00 22.83 99.58
Ash8 3.17 0.02 0.03 5.14 003 1.64 001 0.76 0.05 75.77 13.36 97.44
Ash8 330 0.03 0.00 523 000 144 0.06 0.71 0.06 76.06 13.09 99.10
Ash9 3.01 0.03 0.05 537 000 1.78 0.07 0.81 0.05 7576 13.07 96.18
Ash9 291 0.01 0.00 5.13 000 131 0.03 0.75 0.11 7626 13.49 96.18
Average 3.10 0.02 0.02 522 001 154 0.04 0.76 0.07 7596 13.25 Rhyolitic
st.dev 0.18 0.01 0.03 0.11 0.02 021 0.03 0.04 003 024 021

Analyses of standards (Jarosewich et al., 1980)

VG-568 3.61 0.00 0.01 5.04 001 098 000 048 0.04 77.85 12.07 100.09
VG-568 345 0.05 0.03 5.05 003 141 0.04 041 0.07 78.00 1191 100.43
Average 3.53 0.03 0.02 5.04 002 1.19 0.02 045 0.05 7793 11.99 Rhyolite
st.dev. 0.11 0.04 0.01 0.00 0.01 030 0.02 0.05 002 0.10 0.11

VG-A99 274 517 056 0.86 0.00 13.86 0.05 9.40 4.00 51.44 1241 100.50
VG-A99 2.69 5.15 056 0.89 0.00 13.43 0.16 9.13 421 51.52 12.57 100.31
Average 272 5.16 056 0.88 0.00 13.65 0.11 926 4.11 5148 12.49 Basalt

st.dev. 0.04 0.01 0.00 0.02 000 031 0.08 0.19 0.15 0.06 0.11

Literature values for comparison
Cala21 (15.5-

16.5, mean)* 6.66 0.30 nr 805 nor 3.02 0.08 3.67 030 5557 21.57 nr
st.dev. 0.85 0.14 nr 094 or 0.60 0.05 0.72 0.13 095 0.88 nr
Cala21 (20-21,

mean)* 7.00 0.23 nr 795 nor 269 0.09 3.56 022 5550 21.97 nr
st.dev. 0.87 0.15 nr 1.08 nr 0.73 0.07 0.89 0.15 049 0.77 nr
Z1** 591 0.50 nr 657 or 3.78 0.15 4.68 041 5554 21.52 100.03
1 sigma 042 0.11 nr 108 nor 079 0.04 0.60 0.13 082 0.53

KET8003*** 3.68 0 nr 54 ar 1.68 nr 0.67 0.09 74.77 13.7 99.99
LIP8206%*** 3.89 0.03 nr 499 or 134 nr 0.87 0.06 75.56 13.24 99.98
*Polonia et al. 2015 ***Paterne et al. 1988

**Wulf et al. 2008 nr = not reported
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13.3. Supporting information for manuscript lll

Seafloor sealing, doming, and collapse associated with gas seeps and authigenic
carbonate structures at Venere mud volcano, Central Mediterranean

Markus Loher®*; Yann Marcon'?; Thomas Pape'; Miriam Rémer"; Paul Wintersteller', Christian dos Santos
Ferreira'; Marta Torres?; Daniel Praeg*; Heiko Sahling'; Gerhard Bohrmann'

"MARUM - Center for Marine Environmental Sciences and Department of Geosciences at University of Bremen,
Klagenfurter Str., 28359 Bremen, Germany

2Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Am Handelshafen 12, 27570
Bremerhaven, Germany

30GS (Istituto Nazionale di Oceanografia e di Geofisica Sperimentale), Borgo Grotta Gigante 42/c, Sgonico,
34010 Trieste, Italy; present address: Institute of Petroleum and Natural Resources, PUCRS, Av. Ipiranga, 6681,
90619-900 Porto Alegre, RS, Brazil
AND Géoazur (UMR7329 CNRS), 250 Rue Albert Einstein,06560 Valbonne, France

4College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, 104 CEOAS Administration
Building, Corvallis, OR 97331-5503, USA

*corresponding author e-mail: mloher@marum.de

In preparation for submission to Geo-Marine Letters. The supplementary data consists of
four video files, which can be found on the CD-ROM accompanying this thesis document.

Representative screenshots are shown here.

Figure 13.1. Screenshot of movie S1 (see CD-ROM) showing a push-coring location at Site 1 in soft
sediments with intense black patches and white microbial mats. An up-floating flake of white material
(at the center of the screenshot) is interpreted as a piece gas hydrate.
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Figure 13.2. Screenshot of movie S2 (see CD-ROM) showing a push-coring location in soft sediment
with black patches and white microbial mats at Site 1. An up-floating flake of white material (near the
top of the push core in screenshot) is interpreted as a piece gas hydrate.

Figure 13.3. Screenshot of movie S3 (see CD-ROM) showing T-stick penetrating a mound at Site 4.
Near the site of penetration of the metal rod, disturbances in the water by fluid flow (“Schlieren”) can
be made out.
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Figure 13.4. Screenshot of movie S4 (see CD-ROM) showing Site 5. An outcropping carbonate slab
is colonized by tubeworms and filamentous white microbial mats and forms a ledge that retains
ascending gas (not long enough for gas hydrate formation) before releasing it as a pulse of bubbles
(upper left) into the water column.
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13.4. Conference contributions

Poster and oral contribution to the Gordon Research Conference (GRC) and the Gordon
Research Seminar (GRS) — Natural Gas Hydrate Systems, 27 February to 4 March 2016,
Galveston, Texas, USA. The MARUM graduate school GLOMAR is thanked for funding to
attend this conference.

Gas hydrates fueling methane seepage at Venere mud volcano
in the Calabrian Arc (Central Mediterranean)

M. Loher, M. Rémer, T. Pape, H. Sahling, G. Bohrmann

MARUM - Center for Marine Environmental Sciences, University of Bremen, Department of Geosciences,
Klagenfurter Str., 28359 Bremen, Germany

Interactions of gas and gas hydrates in shallow sediments and influences of methane seepage on the
seafloor expression were investigated at cold seeps, situated at 1580 to 1625 meters water depth near the
Venere mud volcano (Central Mediterranean). The study of these seeps, situated within the gas hydrate
stability zone, will help to understand fluid seepage in comparable Mediterranean environments.

Multiple ROV dives explored sub-circular patches of high backscatter which are located at the outer rim of
the Venere mud volcano, showing extents of up to several tens of meters. Active gas bubble emissions, a
chemosynthetic community of organisms (filamentous bacteria, seep-typical bivalves and vestimentiferans)
and cm to dm thick slabs of authigenic carbonate, characterize the cold seeps. Different morphological
expressions of the carbonate crusts include domed, ruptured and convex-down structures. The presence of
shallow gas hydrates was indicated by methane concentrations exceeding solubilities determined by
pressure coring, gravity cores showing intervals of mousse-like sediment texture and up-floating hydrate
chips during ROV-based push coring. Moreover, instantaneous gas hydrate precipitation was observed
along the funnel of a gas bubble sampler during near-seafloor gas collection. We conclude that gas hydrate
is finely dispersed within sediments in the proximity of the active seeps, the extent of which coincide with
the high backscatter patches. Similar, such sub-circular patches of high intensity on backscatter maps are
known for numerous sites around the world indicating the presence of seep-related features such as
authigenic methane-derived carbonates.

We propose a conceptual model in which gas rising from depth accumulates in shallow subsurface
sediments and forms fine precipitates of gas hydrate within a certain area of influence of the emission site.
The diffusive release of dissolved methane initially fuels the development of active seep communities and
over time leads to the growth of authigenic carbonate crusts. Increased buoyancy through gas and / or gas
hydrate in the subsurface may cause doming and rupturing of carbonate crusts. In case gas supply from
depth ceases, the local gas hydrate accumulation dissolves, the carbonate crusts sag and form a negative
morphology as a relic of the former seep site.
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Oral contribution to the 13" International Conference on Gas in Marine Sediments (GIMS13),
19-22 September 2016, Tromsg, Norway. The MARUM graduate school GLOMAR is
thanked for funding to attend this conference.

Deep-seated fluid seepage at the Venere mud volcano, Calabrian accretionary wedge
M. Loher'’, T. Pape', M. Torres?, M. Rémer’, H. Sahling’, G. Bohrmann'

"MARUM - Center for Marine Environmental Sciences and Department of Geosciences at University of Bremen,
Klagenfurter Str., 28359 Bremen, Germany

2College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, 104 CEOAS Administration
Building, Corvallis, OR 97331-5503, USA

*corresponding author e-mail: mloher@marum.de

Deep-seated reactions in accretionary convergent continental margins leads to the generation of
hydrocarbons and excess water from mineral dehydration reactions. Mud volcanoes expel sediments and
fluids at the seafloor of the accretionary wedge, and the upward migrating fluids provide insights on
geochemical processes at depth. The Venere mud volcano is located in ~1600 m water depth in the forearc
basin of the Calabrian accretionary wedge, central Mediterranean.

Warm sediment (> 24°C compared to 13.8°C of the ambient bottom water) is currently being extruded from
the summit of a ca. 100 m-high mud cone. Fluids in the freshly extruded mud contain high concentrations of
methane (up to 4500 pymol/L), show C1/C2 hydrocarbon ratios in the range of 91-130, and are depleted in
chloride to values as low as 125 mmol/L compared to 610 mmol/L of the ambient bottom water. Bathymetric
mapping by an autonomous underwater vehicle (AUV) revealed that ring faults structurally control the
periphery of the mud volcano cone and seem to provide secondary fluid migration pathways. Exploration by
a remotely operated vehicle (ROV) discovered four sites where the ascent of methane-rich fluids has led to
the establishment of active chemosynthetic communities, the precipitation of methane-derived authigenic
carbonates, and the release of gas bubbles into the water column. At these peripheral sites, the C1/C: ratio
ranges from 895 to 2370 and porewater freshening is very weak (< 5% that of normal seawater) compared
to fluids from the mud volcano summit.

The low C4/C: ratios in the Venere summit samples are indicative of a thermogenic hydrocarbon origin
whereas the peripheral cold seeps record an admixture of gas sources with a higher fraction of microbial
methane. Furthermore, the highly freshened samples (depletion in chloride) point to porewater formation by
mineral dehydration processes deep within the accretionary wedge and characterize the end-member fluid
involved in sediment mobilization and mud volcanism on the Calabrian accretionary wedge.

In summary, the Venere mud volcano hosts at least two contrasting sedimentological environments,
influenced by different modes of fluid migration: the mud volcano summit and the peripheral cold seeps.
The fluids provide evidence for geochemical processes responsible for their generation at remote depths
and for the mechanisms that drive dewatering and gas seepage processes through this accretionary system.
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The following studies are related to the general scientific context of this PhD thesis and were
conducted in the frame of BSc or MSc theses. | gave technical as well as scientific input to
this studies and supported the students by providing map figures and by discussing or

reviewing their results and writing.

Thesis title

Name of student and
type of thesis

Gas seepage and magnetic susceptibility in sediment cores
from Venere mud volcano, Calabrian arc, southern Italy

Rubén Alvarez Gajardo;
Master thesis (2016)

Kartierung und Interpretation des Aufbaus des Satori-
Schlammvulkans vor Kalabrien anhand von Facherlot-Daten,
aufgenommen mit einem autonomen Unterwasserfahrzeug

Sven Kleiner;
Bachelor thesis (2017)

Bestimmung der Aktivitdt des Amsterdam Schlammvulkans im
Anaximander Gebirge anhand chronologischer Einordnung der
Schlammflisse

Viola Bihler;
Bachelor thesis (2016)

Stratigraphische Datierung der Schlammfliisse des Venere-
Schlammvulkans im kalabrischen Akkretionskeil

Marc Kevin Brand;
Bachelor thesis (2016)

Geochemische und mineralogische Untersuchungen an
authigenen Karbonaten des Venere Schlammvulkans,
sudostlich von Kalabrien

Jonas Brinjes;
Bachelor thesis (2016)

Analyse eines Sedimentkernes vor der Sudkuste Kalabriens

Denise Knebel;
Bachelor thesis (2015)
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13.6. Cruise participation

The following gives an overview of all cruises which | participated during my PhD thesis.
Although not all of the cruises relate to mud volcanism in the CAP directly (i.e. no specific
data contributed to the studies), they were nevertheless important to deepen my
understanding of fluid flow systems. In addition, all cruises provided invaluable experiences
for practical work on research vessels and a better familiarity with the acquisition of samples,
measurements, and workflows for post-processing of data.

Date Expedition Study area Chief scientists
12/02/15 - | RV METEOR M114 Southern Gulf of | Dr. Heiko Sahling Hydroacoustics; Sediment
28/03/15 Mexico sampling and core descriptions;
Prof. Dr. Gerhard photo mosaicking; ROV dives
Bohrmann
25/08/15 — | FS HEINCKE HE450 | Svalbard Prof. Dr. Gerhard Hydroacoustics; Core
08/09/15 Continental Bohrmann
Margin
18/04/16 — | FS POSEIDON Anaximander Dr. Heiko Sahling Hydroacoustics; Sediment
01/05/16 P0OS498 Mud Volcanoes sampling; core descriptions
(Eastern
Mediterranean)
04/05/16 — | FS POSEIDON Calabrian Prof. Dr. Gerhard Hydroacoustics; Sediment
22/05/16 POS499 Accretionary Bohrmann sampling; core descriptions
Prism (Central
Mediterranean)
16/01/17 — | RV METEOR M134 South Georgia Prof. Dr. Gerhard Sediment core logging and
18/02/17 Bohrmann
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13.7. Co-author papers

In the following, the title, co-author list and abstract of two manuscripts are presented, which
do not count to the cumulative thesis presented above but to which | contributed as a co-
author.

The first is published as Sahling et al. (2016) in the journal Biogeosciences.

Massive asphalt deposits, oil seepage, and gas venting support abundant
chemosynthetic communities at the Campeche Knolls, southern Gulf of Mexico

Heiko Sahling'?, Christian Borowski?®, Elva Escobar-Briones*, Adriana Gaytan-Caballero*, Chieh-Wei Hsu",
Markus Loher?, lan MacDonald®, Yann Marcon®, Thomas Pape'?, Miriam Rémer'?, Maxim Rubin-Blum?,
Florence Schubotz?, Daniel Smrzka’, Gunter Wegener?2, and Gerhard Bohrmann'?

Abstract

Hydrocarbon seepage is a widespread process at the continental margins of the Gulf of Mexico. We used a
multidisciplinary approach, including multibeam mapping and visual seafloor observations with different
underwater vehicles to study the extent and character of complex hydrocarbon seepage in the Bay of
Campeche, southern Gulf of Mexico. Our observations showed that seafloor asphalt deposits previously
only known from the Chapopote Knoll also occur at numerous other knolls and ridges in water depths from
1230 to 3150 m. In particular the deeper sites (Chapopopte and Mictlan knolls) were characterized by
asphalt deposits accompanied by extrusion of liquid oil in form of whips or sheets, and in some places
(Tsanyao Yang, Mictlan, and Chapopote knolls) by gas emission and the presence of gas hydrates in
addition. Molecular and stable carbon isotopic compositions of gaseous hydrocarbons suggest their
primarily thermogenic origin. Relatively fresh asphalt structures were settled by chemosynthetic
communities including bacterial mats and vestimentiferan tube worms, whereas older flows appeared
largely inert and devoid of corals and anemones at the deep sites. The gas hydrates at Tsanyao Yang and
Mictlan Knolls were covered by a 5-to-10 cm-thick reaction zone composed of authigenic carbonates,
detritus, and microbial mats, and were densely colonized by 1-2 m long tube worms, bivalves, snails, and
shrimps. This study increased knowledge on the occurrences and dimensions of asphalt fields and
associated gas hydrates at the Campeche Knolls. The extent of all discovered seepage structure areas
indicates that emission of complex hydrocarbons is a widespread, thus important feature of the southern
Gulf of Mexico.

"Department of Geosciences at the University of Bremen, Klagenfurter Str., 28359 Bremen, Germany;
2MARUM Center for Marine Environmental Sciences, Leobener Str., 28359 Bremen, Germany; *Max-Planck
Institute for Marine Microbiology, Celsiusstr. 1, 28359 Bremen, Germany : “Universidad Nacional Auténoma
de México, Instituto de Ciencias del Mar y Limnologia, A. P. 70-305 Ciudad Universitaria, 04510 Mexico
City, México; °Florida State University, P.O. Box 3064326, Tallahassee, FL 32306, USA; ®Alfred Wegener
Institute Helmholz Centre for Polar and Marine Research, HGF-MPG Group for Deep Sea Ecology and
Technology, Am Handelshafen 12, 27570 Bremerhaven, Germany; "Center for Earth Sciences, University
of Vienna, Althanstr. 14, 1090 Vienna, Austria.
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The second is published as Mau et al. (2017) in the journal Nature Scientific Reports.

Widespread methane seepage along the continental margin off Svalbard -
from Bjornoya to Kongsfjorden

S. Mau', M. Rémer!, M. E. Torres?, |. Bussmann?, T. Pape’, E. Damm?, P. Geprags', P. Wintersteller', C.-W.
Hsu', M. Loher' & G. Bohrmann'

Abstract

Numerous articles have recently reported on gas seepage offshore Svalbard, because the gas emission
from these Arctic sediments was thought to result from gas hydrate dissociation, possibly triggered by
anthropogenic ocean warming. We report on findings of a much broader seepage area, extending from 74°
to 79°, where more than a thousand gas discharge sites were imaged as acoustic flares. The gas discharge
occurs in water depths at and shallower than the upper edge of the gas hydrate stability zone and
generates a dissolved methane plume that is hundreds of kilometer in length. Data collected in the summer
of 2015 revealed that 0.02-7.7% of the dissolved methane was aerobically oxidized by microbes and a
minor fraction (0.07%) was transferred to the atmosphere during periods of low wind speeds. Most flares
were detected in the vicinity of the Hornsund Fracture Zone, leading us to postulate that the gas ascends
along this fracture zone. The methane discharges on bathymetric highs characterized by sonic hard
grounds, whereas glaciomarine and Holocene sediments in the troughs apparently limit seepage. The large
scale seepage reported here is not caused by anthropogenic warming.

"MARUM - Center for Marine Environmental Sciences and Department of Geosciences, University of
Bremen, Klagenfurter Str., 28359 Bremen, Germany. 2College of Oceanic and Atmospheric Sciences,
Oregon State University, 104 Ocean Admin Building, Corvallis, Oregon 97331-5503, USA. 3Alfred Wegener
Institute Helmholtz Centre for Polar and Marine Research, Am Handelshafen 12, 27570 Bremerhaven,
Germany. Correspondence and requests for materials should be addressed to S.M. (email:
smau@marum.de).
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13.8. Versicherung an Eides Statt
Versicherung an Eides Statt / Affirmation in lieu of an oath

gem. § 5 Abs. 5 der Promotionsordnung vom 15.07.2015 /
according to § 5 (5) of the Doctoral Degree Rules and Regulations of 15 July, 2015

Ich /1, Markus Loher, Karolinastrasse 8, 28195 Bremen, 3018969

(Vorname / First Name, Name / Name, Anschrift / Address, ggf. Matr.-Nr. / student ID no., if
applicable)

versichere an Eides Statt durch meine Unterschrift, dass ich die vorliegende
Dissertation selbstdndig und ohne fremde Hilfe angefertigt und alle Stellen, die ich
wortlich dem Sinne nach aus Verdffentlichungen enthommen habe, als solche
kenntlich gemacht habe, mich auch keiner anderen als der angegebenen Literatur oder
sonstiger Hilfsmittel bedient habe und die zu Prifungszwecken beigelegte
elektronische Version (PDF) der Dissertation mit der abgegebenen gedruckten Version
identisch ist. / With my signature I affirm in lieu of an oath that | prepared the submitted
dissertation independently and without illicit assistance from third parties, that |
appropriately referenced any text or content from other sources, that | used only
literature and resources listed in the dissertation, and that the electronic (PDF) and
printed versions of the dissertation are identical.

Ich versichere an Eides Statt, dass ich die vorgenannten Angaben nach bestem
Wissen und Gewissen gemacht habe und dass die Angaben der Wahrheit entsprechen
und ich nichts verschwiegen habe. / | affirm in lieu of an oath that the information
provided herein to the best of my knowledge is true and complete.

Die Strafbarkeit einer falschen eidesstattlichen Versicherung ist mir bekannt,
namentlich die Strafandrohung geman § 156 StGB bis zu drei Jahren Freiheitsstrafe
oder Geldstrafe bei vorsatzlicher Begehung der Tat bzw. gemall § 161 Abs. 1 StGB
bis zu einem Jahr Freiheitsstrafe oder Geldstrafe bei fahrlassiger Begehung. / | am
aware that a false affidavit is a criminal offence which is punishable by law in
accordance with § 156 of the German Criminal Code (StGB) with up to three years
imprisonment or a fine in case of intention, or in accordance with § 161 (1) of the
German Criminal Code with up to one year imprisonment or a fine in case of
negligence.
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