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Abstract

Mud volcanism falls behind other mainstream research areas in the Earth and Plane-
tary Science. Mud volcanism on Earth, however, provides profound insights into subsurface
cycling of sediment and fluid, plays an important role in the subsurface carbon cycle, and
has thus always been of interest to a broad scientific community. In this thesis, I present
results of submarine mud volcanism that span a number of independent topics within the
broader disciplines of geology, sedimentology, geophysics, and geochemistry. The issues
presented in each chapter are slightly different, but the approach handled throughout aims
to understand the roles of submarine mud volcanoes on the subseafloor material cycling.
The three primary results of this thesis can be summarized as follows: (1) The shape of
the submarine mud volcano depends on its width of feeding conduit and erupted volume,
and is associated with sediment influxes in subduction zones. (2) Ascent mechanism of
ejecta that include fluid-rich muds and clasts from a submarine mud volcano in the eastern
Mediterranean Sea is now understood in the light of sample measurements and modeled
thermal structure. (3) Methane amounts inside a deep-water mud volcano are studied us-
ing seismics, revealing that the amount of methane in its conduits is higher than previously
expected from geochemical evidence. All the results obtained in this thesis represent an
increase in our understanding of submarine mud volcanism and its relation to subseafloor

material cycling.
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Chapter 1

Introduction and Summary

1.1 Mud volcanism and subsurface material cycling

Drastic mass fluxes in the shallow areas of subduction zone forearcs on millennial-year
scales control the evolution and dynamics of the earth. The volume of subducted sediment
that bypasses the overriding plate wedge or accretion and underplating processes would
affect the net rate of continental growth and evolutionary processes of the whole earth
[e.g., von Huene and Scholl, 1991; Scholl et al., 1994] (Figure 1.1). On shorter time
scales, these tectonic processes strongly affect not only whole material cycling but amounts
and distribution of fluids within the overriding plate wedge. The resultant overpressure
has profound effects on deformations, earthquake mechanics and thermal regimes in the
wedge through its influence on effective stresses [e.g., Moore and Vrolijk, 1992]. Fluids in
subduction zones that are derived from the incoming plate may move out of the overriding
plate to the seafloor by diffusive flows or along structural conduits, or they may migrate
to greater depths where they affect various processes such as mantle serpentinization,
magma generation and triggering intermediate and deep earthquakes [e.g., Moore and
Vroligk, 1992; Saffer and Tobin, 2011]. In association with the giant 2011 Tohoku-oki
Earthquake, for example, geological evidences have been shown its relation to long-term
deformations in Japan Trench [e.g., Kodaira et al., 2012; Strasser et al., 2013; Fink et al.,
2014], changes in pore fluid pressures following the earthquake [Terakawa et al., 2013],

and rapid release of mantle-derived fluids [Sano et al., 2014]. These fluids strongly affect

1
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—> Input Output —3»
1: Incoming sediments, fluids, & 2: Venting

hydrated crust 3: Prism accretion
5: Frontal & basal crustal erosion 4: Crustal underplating
9: To deep mantle 6: Fluids output

7: Volcanic arc output

8: Backarc output
\. J

Figure 1.1: The crustal material fluxes at the subduction zones. Arrows indicate various
fluxes associated with the partioning, loss, and gain of bulk sediment in the shallow part
of the subduction zones, each driven by accretion, underplating, and erosion, chemical

and fluid fluxes due to sediment dehydration, venting, volcanic arc, and backarc. Modified
from Scholl et al. [1994].

the deformation style of the overriding plate wedge. In addition, tectonic loading and
mineral dehydration produce fluids within the overriding wedge. These fluids drive excess
pore pressure, or overpressure, indicative of disequilibrium that overcomes fluid escape and
thus leads to trapping of fluids, which poses profound effects on faulting and earthquake
mechanics through its influence on effective stress. Direct observations of overpressure in
this setting are rare, as they require deep drilling. Submarine mud volcanoes are possible
paths for migration of overpressured fluids from the underthrusting section through the
wedge to the seafloor [Kopf, 2002]. Thus, studies of mud volcanoes hold promise in picture

of subsurface sediment transfer and fluid migration.

Mud volcanoes (Figure 1.2), sedimentary types of volcanoes composed of fine-grained
mud [e.g., Kopf, 2002; van Loon et al., 2010], are plentiful in various tectonic settings

on Earth including on the lakebed [e.g., Van Rensbergen et al., 2002], and candidate
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mud volcanoes have been reported on Mars [e.g., Tanaka, 1997; Oehler and Allen, 2010;
Pondrelli et al., 2011]. Large number of studies into the mud volcanism on Earth has
been conducted especially since the early 1970s [Higgins and Saunders, 1974], and about
300 offshore mud volcanoes had been confirmed and the double had been inferred around
the early 2000s [e.g., Dimitrov, 2002; Kopf, 2002]. Despite the uncertainty regarding
the number, thousands of submarine mud volcanoes are thought to be present [Milkov,
2000; Kopf, 2003]. Nevertheless, mud volcanism falls behind other mainstream research
areas in the Earth and Planetary Science. Mud volcanism on Earth, however, provides
profound insights into subsurface cycling of sediment and fluid, plays an important role in
the subsurface carbon cycle (Figure 1.3), and has thus always been of interest to a broad
scientific community. They can be viewed as natural tectonic conduits that bring up deep
substances and fluids driven by overpressuring at deep depths. Thus, mud volcanoes are
useful tools to explore subsurface processes in material cycling such as sediment recycling,
fluid migration, and carbon cycling investigated in this thesis. Despite the importance,
there has been so far little understanding of mud volcanism itself and its dynamic linkage
to subsurface material cycle. In the following Section 1.2, I will first briefly review previous
studies into submarine mud volcanism. This aims to marshal our knowledge of submarine
mud volcanism and list the problems to further understand the mud volcanism, which leads
to an increase in our understanding of the linkage between mud volcanism and subsurface
material cycling which is a final goal of this thesis through the results presented in main

chapters in this thesis.

1.2 Submarine mud volcanism: A brief review

1.2.1 Geological, sedimentary, and geophysical features

Herein I briefly address several properties of onshore and offshore mud volcanism reviewed
from geological, sedimentary, and geophysical evidence. The topics reviewed here include
structure, source depths, ascent mechanisms, life span, and discharge rates. Note that a
well-known onshore mud volcano, Lusi (named after “Lumpur Sidoarjo”) Mud Volcano,

East Java, Indonesia, is an unusual mud volcano in several respects [e.g., Tingay et al.,
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Figure 1.2: Mud volcanoes found on Earth and mud volcano-like structure on Mars. (a)
Chandragup mud volcano in eastern Makran, Pakistan [Bonini, 2012]. (b) Mud volcano-
like mounds in Acidalia Plantia on Mars [Oehler and Allen, 2010].
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Figure 1.3: A schematic cross section showing tectonic and geological setting of an ac-
cretionary margin in the subduction zone. Submarine mud volcanism is strongly related
to subseafloor sediment transfer, fluid migration, and carbon cycle. Modified from Saffer
and Tobin [2011].

2015], while that this onshore mud volcano is often compared with other onshore and
offshore mud volcanoes presented here and in previous many studies because it is well-

studied.

Structure

Submarine mud volcanism is viewed as the seabed/subseafloor manifestation of mud in-
trusive processes originated from deep depths (Figure 1.4). Submarine mud volcanism and
mud diapirism are well-detected from strong backscattering on the seafloor [e.g., Chamot-
Rooke et al., 2005a]. A diapiric ascent, as addressed later, often a primary mechanism
to transfer fluid and mud from deep depths to the seafloor to generate the mud volca-
noes. However, the term mud diapir is used here for buoyancy-driven upward migration
of fluid-rich, fine-grained sediments at a slow speed, as noted in Kopf [2002]. Subma-
rine mud volcanoes are generated by diapiric mass and forceful ascended mud from deep
depths. The crest is superposed by the conduit of feeder that is the central feature in
which fluidized sediment is travelled. Little information regarding width of the conduit
has been understood. The size of each conduit or feeder is thought to be less than 10 m or

several tens of meters at maximum owing to previous studies [Kopf, 2002, and references



Chapter 1. Introduction & Summary

crater (cauldron, pingo)

gryphon

clasts and blocks

In cross )
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B _-—-_-‘_“———-_
possible fault-controlled \\
MV activity

Figure 1.4: A schematic diagram of a mud volcano [Kopf, 2002]. Terminology includes:

cauldron or pingo (subsided crater area); gryphon (small cones or mud craters at the flank
of the mud volcano).
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therein], although some studies note the conduit has diameter up to a few kilometer [e.g.,
Ivanov et al., 1996; Loseth et al., 2003; Talukder et al., 2003]. Theoretical calculations
and considerations from physical properties of submarine mud volcanoes assuming New-
tonian rheology suggest that the size is likely less than 5 m [Kopf and Behrmann, 2000].
In addition, high-resolution 3D seismic data reveal cylindrical zones of amalgamated nar-
row fluidized mud pipes feeding offshore mud volcanoes [e.g., Davies and Stewart, 2005;
Stewart and Davies, 2006]. The evidence found above indicates major paths of submarine
mud volcanoes that are made from multiple mud conduits. While a primary fluidized
sediment is escaped from the main conduits from the crest of a submarine mud volcano,
the mud volcano often has small cones or mud craters at the flank of mud volcano termed
gryphons (Figures 1.4 and 3.3). They serve as secondary ejecta paths possibly resulted
from splays of main conduits. Both the main conduits and the gryphons are outlets where
mudflows originate. A porosity profile in the mud conduits of submarine mud volcanoes

is summarized in Section C.3.

Submarine mud volcanoes are often covered by bacterial mats or carbonates. Some
submarine mud volcanoes include clasts of hydrates in their ejecta with fluidized muds
le.g., Lykousis et al., 2009]. Subsidence and the gravitational collapse of the volcanic body
are found in some submarine mud volcanoes [e.g., Henry et al., 1990], and most basal
angles settle within 0-2°. On seismic reflection images, the ” Christmas tree” structure
formed by episodic mud eruptions interbedding general marine sediments is often seen in
submarine mud volcanoes [e.g., Somoza et al., 2003], suggesting that they are polygenetic.
Faults may often play a profound role in mud extrusion as faults are found to be juxtaposed
at submarine mud volcanoes from seismic reflection data [e.g., Kopf et al., 2001; Woodside
et al., 2002; Mérz et al., 2005; Viola et al., 2005; Chiu et al., 2006; Praeg et al., 2009]. The

associated topic is reviewed later.

Source depths

Fluid sources for overpressuring and mud extrusion are arisen from various mechanism
[Kopf, 2002] driven by compaction, organic matter degradation, lateral fluid flux through

stratigraphic horizons, faulting, thermogenic processes, mineral dehydration, hydrother-
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Mud volcanoes
overlying diapirs

Diatreme

Fluid sources for overpressuring and mud extrusion:

(1) pore fluid expulsion from compaction
(2) biogenic methane from degradation of organic matter

(3) lateral fluid flux through stratigraphic horizons or fault zones

(4) fluid migration along deep seated thrusts

(5) thermogenic methane and higher hydrocarbons

(6) fluids from mineral dehydration (opal, smectite)

(7) hydrothermal fluids, alteration of crustal rock

(8) fluid expulsion from internal deformation within the diapiric intrusion

Figure 1.5: A schematic diagram of a mud diapir, mud volcanoes (mud extrusions), and
diatreme(-like mud volcano), including possible fluid sources numbered 1-8 [Kopf, 2002].
The fluid sources are also discussed from geochemical signatures (see Subsection 1.2.2).
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mal fluids, and diapiric intrusion (Figure 1.5). A source depth of the Lusi Mud Volcano is
estimated to be ~ 1.5 km from the interferometric synthetic aperture radar (InSAR) ob-
servations [Fukushima et al., 2009] and P-wave velocity [Istadi et al., 2009]. Shirzaei et al.
[2015] find two different shallow (0.3-2.0 km depth) and deep (3.5-4.8 km) sources from the
Lusi, by a time-dependent inverse model using multitemporal InSAR, data. Hakon Mosby
Mud Volcano in Barents Sea roots at a depth of ~ 3 km from a reflection seismic image
[Perez-Garcia et al., 2009]. Some submarine mud volcanoes in the Barbados accretionary
wedge also have source depths of ~ 2-3 km from reflection seismics [Brown and Westbrook,
1988; Faugéres et al., 1997]. Reflection seismic images provide information regarding the
source depth while the images face difficulties in its assessment when the source root in
deep depths. From burial organic maturity data, mobilized mud from Napoli mud volcano
in the central Mediterranean Ridge accretionary wedge is traveled from the depth of 5-8
km below the seafloor [Schulz et al., 1997]. On the other hand, Kopf et al. [2000] found
the Milano mud volcano located in the central Mediterranean Ridge roots in the depth of
~ 2 km below the seafloor using the same technique. Sublacustrine mud volcanoes in Lake
Baikal are thought to be triggered by the gas hydrate dissociation [Van Rensbergen et al.,
2002] as found in pockmarks [e.g., Vogt et al., 1994; Zihlsdorff and Spiefs, 2004], suggest-
ing that they root in the gas hydrate stability zone at depths of hundreds of meters below
the lakefloor. These results can conclude that mud volcanoes take on different source
depths depending on their background settings, while most of mobilized sediments from
submarine mud volcanoes may originate from the depths of 2-10 km below the seafloor.
The related topic is also discussed in Chapter 3. The estimate of source depth is also

discussed from pore fluids of submarine mud volcanoes. See Section 1.2.2.

Ascent mechanisms

A wide range of mechanisms has been investigated to explain ejecta ascent from mud
volcanoes. Overpressures are presumably required to generate massive mud eruptions from
mud volcanoes. Mud volcanism is categorized by several types of ejecta ascent, including
diapiric ascent, conduit ascent (i.e., through pre-existing paths), and hydrofracture ascent

le.g., Kopf, 2002; Manga et al., 2009], but few studies in practice have addressed this
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topic. While previous studies often undoubtedly assume the diapiric ascent, the ascent
mechanism follows different styles when ejecta include clasts. The associated topic is
presented in Chapter 3. Liquefaction prior to mud eruptions can lead the eruptions due
to increase in pore pressures and fluidizing the mud reducing the resistance to motion.
Dilatancy can be also a candidate for extrusion of sediments because mud volcanism is
often associated with faulting, suggesting that mud volcanoes have no difficulty in forming
regions where dilatancy occurs [Manga et al., 2009]. Bubble formation or growth may also
play a role in driving eruptions, as mud volcanoes typically include gases. Gas hydrate
dissolution will be also a candidate for triggering mud eruptions [Van Rensbergen et al.,
2002]. Direct connection between neighboring earthquakes and mud eruptions is likely
weak from compilation of mud eruptions and earthquakes in Azerbaijan during the last
2 centuries [Mellors et al., 2007]. The eruption from Lusi mud volcano did not undergo
at a pre-existence edifice. If the ascent occurs through hydrofractures, they will be young
or are held open by fluid intrusion. The pressure of drilling fluids in the neighboring well
following the earthquake was thus likely sufficient to initiate hydrofractures and trigger

the eruption in the Lusi mud volcano [Davies et al., 2008; Manga et al., 2009).

Life expectancy and activity

A life span of each submarine mud volcano is directly related to long-term subseafloor
material cycling studied in this thesis. Thanks to the success of the deep-drilling, the
activity of Milano Mud Volcano in the central Mediterranean Ridge accretionary complex
is known to begin ~ 1.5 Ma [Robertson and Ocean Drilling Program Leg 160 Scientific
Party, 1996]. Mud eruptions from Bonjardim Mud Volcano in the Gulf of Cédiz also seem
to start ~ 1.0-1.5 Ma [Gutscher et al., 2009a]. Submarine mud volcanism in the Barbados
accretionry wedge began ~ 200750 kyr ago based on acoustic stratigraphy [Langseth et al.,
1988] and nannofossil dating [Lance et al., 1998]. The Hakon Mosby Mud Volcano in the
Barents Sea, one of the most studied submarine mud volcano, is considered to initiate
its mud eruption around 330 kyr ago possibly triggered by a submarine landslide [Perez-
Garcia et al., 2009]. Most of submarine mud volcanoes in the Western Alborédn Sea have

been reactivated in the mid-Pleistocene [Somoza et al., 2012], while the latest extrusion
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activities during the Holocene are found [Gennari et al., 2013]. Submarine mud volcanoes
in the El Arraiche mud field of the Gulf of Cadiz is characterized by different types of
sediment flows on their flanks [Van Rensbergen et al., 2005]. These findings suggest mud
eruptions from submarine mud volcanoes seem to be episodic, short-lived and recurrent
over thousands of years. The associated topic is also discussed in Chapter 3. Most mud
eruptions from mud volcanoes are short-lived, likely lasting only hours to a few days
[Kopf, 2002, 2003; Mazzini et al., 2007; Manga et al., 2009]. The eruption from Lusi
mud volcano, however, has been ongoing for ~ 10 years since 2006 [Rudolph et al., 2015].
Based on previous assessments of the discharge briefly reviewed later, the eruption from

Lusi Mud Volcano will last 2050 years [Istadi et al., 2009; Rudolph et al., 2011, 2013].

The heat flow often helps assess the recent activity of submarine mud volcanoes, and
various heat flow signatures have been found in many submarine mud volcanoes. If the
high heat flow is observed on the summit of the mud volcano, this indicates either a
continuous seepage of pore water and mud originated from deep depths or the cooling
of a recent massive eruption transferring a large volume of high-temperature sediment to
the seafloor. If the extremely low heat flow is measured, on the other hand, this may
indicate that a local rapid downward of fluid is sometimes arisen from the opening of mud
conduits following recent massive eruptions. However, as a submarine mud volcano has
concave-downward structure against the surrounding seafloor, an observational heat flow
at the mud volcano is subject to cooling by cold bottom water [e.g., Blackwell et al., 1980)].
Thus, the heat flow eliminated the topographical effect will be a useful tool to evaluate

the mud volcano’s activity.

Discharge rate

A discharge rate from each submarine mud volcano is also directly connected to long-
term subseafloor material cycling. While Lusi mud volcano is an unusual mud volcano
from several aspects, this onshore mud volcano has been well-investigated in this regard.
Gravity and ground deformation data observed by the InSAR reveal that discharge rate
from Lusi mud volcano was ~ 105 m3 /day during the early phase of mud eruptions [Mazzini

et al., 2007]. The rate is subsequently decreased to ~ 10* m?/day [Rudolph et al., 2013],
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which is equivalent to the order of magnitude of the rate approximated by diapiric ascent.
Rudolph et al. [2013] expect that the discharge is expected to have the e-folding time of
~ 2 years [Rudolph et al., 2013; Aoki and Sidiq, 2014], and will decrease by an order of
magnitude of < 103 m3/day by 2017 [Rudolph et al., 2013]. Observations in submarine
mud volcanoes, on the other hand, are limited as mud eruptions found in general mud
volcanoes are episodic and short-lived as presented above. A long-term observation in the
Hakon Mosby Mud volcano, however, guided for the first time that sediment movement
of ~ 0.5-1 m/day around the active center [Feseker et al., 2014]. The difference of the
seafloor relief also helps estimate an average volume flux of ~ 1.5 x 10* m3/yr [Feseker
et al., 2014], while this flux value is close to or less than that estimated by a diapiric ascent
assuming reasonable conduit width and dynamic viscosity. At the Atalante mud volcano
in the seaward of the Barbados accretionry wedge, the fluid flux rate is estimated to be

> 1.5 x 10° m3/yr [Henry et al., 1996]. The associated topic is discussed in Chapter 6.

1.2.2 Geochemical and biogeochemical features

Many mud volcanoes have been observed to release gases and fluids during both eruptions
and quiescence stages. Their sources are originated at various depths (Figure 1.5). As
submarine mud volcanoes are often located within the gas hydrate stability zone (GHSZ)
[e.g., Kvenvolden, 1988], hydrates might form a spacious reservoir of light hydrocarbons
from the ascending fluids in shallow marine sediments [Ginsburg et al., 1999; Milkov, 2000;
Bohrmann et al., 2003]. The predominant gas released from mud volcanoes is methane, in
most of mud volcanoes constituting > 90 vol%, and the reminder includes COg, higher hy-
drocarbons [e.g., Dimitrov, 2002; Etiope and Milkov, 2004], and HsS [e.g., Stamatakis et al.,
1987] or noble gases [e.g., Chiodini et al., 1996]. In association with CH4 and HsS seepages,
chemosynthetic communities such as bacterial mats and clams are clustered around sub-
marine mud volcanoes [e.g., Corselli and Basso, 1996; Olu et al., 1997; Olu-Le Roy et al.,
2004]. Estimates of these gas fluxes are thus also important for understanding of organism
bases in submarine mud volcanoes. One of the major geological sources of methane to the
atmosphere or the water column is mud volcanoes [Dimitrov, 2002; Kopf, 2002; Etiope and

Milkov, 2004]. The two dominant processes that generate methane in nature are known:
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the biogenic methane generated by methanogenic archaea and the thermogenic methane
generated by breakdown (cracking) of larger organic molecules [Wuebbles and Hayhoe,
2002]. Microbial methane formation is thought to occur at shallower sediment depths
corresponding to temperatures below 80°C or less [ Wilhelms et al., 2001; Valentine, 2011,
Stolper et al., 2014]. Thermogenic gas is believed to form at temperatures greater than
~ 150°C [Quigley and Mackenzie, 1988; Seewald et al., 1998; Stolper et al., 2014], while
some studies suggest that it can be formed above ~ 60°C [Quigley and Mackenzie, 1988,;
Seewald, 2003]. A predominance of whether the methane origin is biogenic or thermogenic,
which is thus used for evaluating source depths guided by the temperature, has been sug-
gested to vary with submarine mud volcanoes from numerous studies. For example, the
emitted gas from the Hakon Mosby Mud Volcano in the Barents Sea consists of > 99%
methane with an isotope signature §13C-CHy of —60%0 [Damm and Budéus, 2003; Milkov
et al., 2004], suggesting a mixed biogenic and thermogenic origins from the Bernard di-
agram [ Whiticar, 1990]. Hydrocarbon gases released from submarine mud volcanoes in
the Nankai accretionary prism is composed predominantly of methane and is mostly of

thermogenic origin (6'3C-CHy > —40%0) [Toki et al., 2013; Pape et al., 2014].

Majority of the methane dissolving into the sediment porewater, depending on the
release rate, could be retained at/near the seafloor by microbial anaerobic oxidation of
methane (AOM) [Treude et al., 2003; Reeburgh, 2007; Knittel and Boetius, 2009], medi-
ated by a consortium of anaerobic methanotrophs (ANME) [Hinrichs et al., 1999; Orphan
et al., 2001] and sulphate reducing bacteria (SRB) [von Rad et al., 1996]. AOM regulates
a long-term sink for methane-derived carbon, converting methane into biocarbonate and
eventually precipitating as an authigenic carbonate [Peckmann et al., 2001]. But, methane
ascending through sediments as a free gas could skirt the benthic methane filter [Knittel
and Boetius, 2009] and immediately reaches the atmosphere [McGinnis et al., 2006], de-
pending on the water depth though. The marine environment stores a vast reservoir of
methane of > 10 g carbon [e.g., Zhang et al., 2011]. However, as methane is rapidly
dissolved and oxidized near the seabed [Reeburgh et al., 1991; Valentine et al., 2001; Judd
et al., 2002], methane released from the seafloor makes little contribution to methane

budgets in atmosphere, ~ 1-3% of the total of the annual total sources of atmospheric
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Figure 1.6: Schematic cross section of structure and stratigraphy near the Manon mud
volcano field in Barbados. The lightest grey field represents the region of methane hy-
drate stability, and the darker grey field represents sediments with temperatures > 100°C.
Location of possible fluid sources are indicated by “A”, seawater; “B”, gas hydrate disso-
ciation; and “C”, upper portion of the zone of mineral dehydration reactions. Modified
from Martin et al. [1996].

methane [Lelieveld et al., 1998; Houweling et al., 2000; Wuebbles and Hayhoe, 2002]. The
total methane oxidation in ocean water columns and shallow sediments is estimated to
be between 75-304 Tg/yr [Reeburgh, 2007]. Worldwide, submarine mud volcanoes are
thought to store ~ 101°-102 m? of methane [Milkov, 2000], whereas this is far less than
the estimated methane-carbon worldwide in gas hydrates [Kvenvolden et al., 2001]. The
total methane released from submarine mud volcanoes into the seawater column is reported
to be 27 Tg/yr [Milkov et al., 2003], although this value is highly uncertain because of
the unknown total number of mud volcanoes and temporal variability in methane emis-
sions. Therefore, the assessment of total methane flux from submarine mud volcanoes
holds promise not only in carbon cycle but also in oceanic pH or climate change, because
the AOM converts methane with oxygen into COs whose molecule can impact the pH.

The associated topic is presented in Chapter 4.

Previous quantitative estimates on fluid fluxes from submarine mud volcanoes have
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shown high-rate expulsion, suggesting an important influence on subseafloor geochemical
cycle and fluid budgets. Fluids released from submarine mud volcanoes often fall in the
range of temperatures, ~ 60-160°C (Table 1.1), where the smectite-illite clay mineral
transformation reaction takes place [Colten-Bradley, 1987; Kastner et al., 1991; Brown
et al., 2001]. One of the useful tracer for fluids mixed with various sources is a chloride ion
(C17), because Cl™ is believed to be nonreactive in most diagenetic reactions [e.g., Gieskes
et al., 1989]. Fluids from submarine mud volcanoes generally have significantly lower C1~
concentrations than that of seawater [Martin et al., 1996; Hensen et al., 2007]. The use
of Cl~ is often coupled with a oxygen isotope ratio §'%0, because atmospheric water
is isotopically lighter than seawater [Craig, 1961] and thus the admixture with marine
pore fluids makes lower both Cl~ concentrations and §'%0 values. Martin et al. [1996]
first envisioned using the Cl~ property that fluid sources from submarine mud volcanoes
in the Manon mud field in Barbados include: water and methane released during the
gas hydrate dissociation, water released during the transformation of smectite to illite,
and seawater either diffused or convected into the mud volcanoes (Figure 1.6). In the
Barbados accretionary prism, negative chloride isotope ratio 637Cl is found in pore fluids
from submarine mud volcanoes [Ransom et al., 1995]. The interpretation of this result is
still debated, but ion filtering due to sediment compaction is more likely process to explain

the observed negative 637Cl values (Figure 1.7) [Godon et al., 2004].

Lithium also plays as a useful chemical indicator to draw the origins of fluids and fluid
fluxes from submarine mud volcanoes, because lithium is unaffected by seawater owing
to its greater content in submarine mud volcanoes than the seawater content [e.g., Misra
and Froelich, 2012]. The lithium cycle is thought to be important for the carbon cycle
including weathering and water-rock interactions [e.g., Vigier and Goddéris, 2015]. The
lithium isotope ratio ("Li/%Li) provides geothermal information, because it varies with the
reaction temperature [Wunder et al., 2006; Marschall et al., 2007] and is not affected by
biologically mediated reactions [Millot et al., 2011]. Pore fluids from mud volcanoes in
the Gulf of Cadiz are found to be rooted at temperatures greater than 200°C using the
"Li/®Li ratios showing light values [Scholz et al., 2009]. The ratio from the Kumano mud

volcano No. 5 in the Nankai margin shows among the lightest value of submarine mud
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Table 1.1: Characteristics of submarine mud volcano fluids in various areas, and tempera-
tures and depths of the source estimated from the fluid results. E. Med stands for Eastern
Mediterranean Sea. Modified from Ijiri [2009].

Region Setting Source Source Fluids source Methane
Temp. (°C) Depth (km) source

Barbados ¢ accretionary 75-116 2-4.5 dehydration biogenic +
margin hydrate dissoc. thermogenic

E. Med® accretionary 55-165 3.5-6.8 dehydration biogenic +
margin thermogenic

Gulf of Cadiz¢ accretionary 60-150 ~5 dehydration +  biogenic +
margin > 1507 hydrothermal? thermogenic
Costa Rica ¢ erosional 85-130 12 dehydration thermogenic

margin

Black Sea® basin 95-103 3 dehydration biogenic +
thermogenic

Barents Sea / continental 90 2.5-3 dehydration biogenic +
margin thermogenic

@ Martin et al. [1996]; Godon et al. [2004].

b Dihlmann and de Lange [2003]; Haese et al. [2006].

¢ Hensen et al. [2007]. 4 Hensen et al. [2004]. ¢ Aloisi et al. [2004].
f Ginsburg et al. [1999]; Lein et al. [1999]; Damm and Budéus [2003].

volcanoes, suggesting the reservoir temperature of < 310°C [Nishio et al., 2015]. Atalante
and Cyclops mud volcanoes in Barbados accretionary complex alone provide 1.7 x 10%
mol/yr of Lit to the oceans [Martin et al., 1996]. Dvurechenskii mud volcano in the Black
Sea shows a higher flux around 1.4 x 10° mol/yr [Aloisi et al., 2004]. While these fluxes
calculate about 107°~107% of the total fluvial Li budget or total inputs to ocean [Stoffyn-
Egli and MacKenzie, 1984; Zhang et al., 1998; Misra and Froelich, 2012], the cumulative
flux is likely important if other mud volcanoes have similar efflux.

Boron concentrations also document the temperature of the reaction since the boron
in fluids is controlled by sediment-rock-water interactions [You and Gieskes, 2001]. Sev-
eral studies into pore fluids from mud volcanoes have reported high boron concentrations
[Aloisi et al., 2004; Hensen et al., 2007; Toki et al., 2014], and the high concentration in
fluids is likely originated from desorption of organic matter or smectite-illite alteration at
temperatures of 50-160°C [You et al., 1993, 1996]. The total boron fluxes from submarine
mud volcanoes may calculate around 0.1-1% [Aloisi et al., 2004] of the total inputs to

ocean [Lemarchand et al., 2002]. These results show that mud volcanism plays a profound
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Figure 1.7: A schematic presentation of the model for ion filtration in the prism and sed-
imentary pile. Ion filtration is believed to be through fractures in the lower porosity light
grey area. The low-Cl, high-0%7Cl expelled fluids follow the dense network of fractures.
The residual high-Cl, low-6%"Cl fluid remains in the sediment pores. In the deepest part
of the sedimentary pile or prism, porosity is reduced to a minimum and expelled fluids
have to follow the main fractures (i.e., the décollement zone) to reach the surface. Low-Cl
fluids coming from general dewatering of the slab and possibly its dehydration can also
flush out these residual pore fluids. Modified from Godon et al. [2004].

role in the global boron cycle associated with fluid expulsion [Kopf and Deyhle, 2002]. The
total iodine fluxes would be also 0.1-1% [Aloisi et al., 2004] of the total inputs to ocean
[Muramatsu et al., 2001], although the estimates are limited. A noble gas such as a helium
isotope ratio (*He/4He) also provides useful information on the origin of helium regarding
primordial or radiogenic [e.g., Aldrich and Nier, 1946]. Thus, a higher 3He/*He ratio in
a fluid suggests that the fluid is enriched in mantle helium. Application of the *He/*He
ratio to mud volcanism is limited, due to its uncertainty in precise determination of fluid
paths, but Craig et al. [1978] first envisioned fluids from mud volcanoes have high ratios.
In the neighboring mud volcanoes within a given mud field, the two mud volcanoes have
different signatures of the ratios (one is typical of radiogenic helium and the other shows
mixture of mantle-derived helium) while the values are constant over time [Kikvadze et al.,

2010], suggesting that a fluid path in each mud volcano has various styles.
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Figure 1.8: Occurrence of submarine mud volcanoes on Earth. Stars show known mud
fields of submarine mud volcanoes, while circles represent other inferred occurrence of
submarine mud volcanism and known mud fields of onshore mud volcanoes. Modified
from Kioka and Ashi [2015].

1.2.3 Distribution and morphology

Submarine mud volcanoes have been found in various tectonic settings (Figure 1.8). So far,
however, quantitative and statistical studies of mud volcano morphology have been mostly
focused on to onshore mud volcanoes on Earth [e.g., Bonini, 2008, 2012] or mud volcano-
like structures imaged on Mars [e.g., Tanaka, 1997; Oehler and Allen, 2010; Pondrelli
et al., 2011], because more high-quality topographic measurements are easily available for
these mud volcanoes than those discovered on Earth’s seafloors. Recently, however, studies
into morphology of submarine mud volcanoes have been greatly benefiting owing to the
satisfactory increase in the number of submarine mud volcanoes that have been surveyed
by bathymetric and seismic instruments providing sufficient resolutions. Previous studies,
for example, propose that the characteristics of submarine mud volcano’s shapes may differ
dependent on regions and tectonic backgrounds [e.g., Kopf, 2002; Rabaute and Chamot-
Rooke, 2007] or are related to viscosity or porosity of body depositions and the size of
a conduit feeder [e.g., Lance et al., 1998; Kopf, 2002]. Some studies remark that mud

volcanoes are developed with a conical or a flat top edifice when their water content
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Figure 1.9: A scatter plot of mean diameter Dyean (km) versus height H (m) of known
submarine mud volcanoes, where the diameter D ,e.n denotes the mean diameter D yean =
(Dpmin + Dmax)/2, if both the maximum diameter and minimum diameter are available for
the given mud volcano, and otherwise denotes a representative diameter of one available
in the literature. Large serpentine mud volcanoes in the Izu-Bonin (Ogasawara)-Mariana
(IBM) Arc are excluded here. Data from Table A.1 [Kioka and Ashi, 2015].

is high [Barber et al., 1986; Lance et al., 1998; Feseker et al., 2009]. Pockmarks, similar
expressions of sediment expulsion or mobilization to mud volcanoes, are generally between
50 and 100 m in diameters with depths of 1-3 m, and have higher densities of ~ 10" km™2
than those of submarine mud volcanoes [Judd and Hovland, 2007]. Hereafter 1 present
morphological compilation of submarine mud volcanoes, addressing size and geometry of
submarine mud volcanoes, and location characteristics of mud fields developing submarine

mud volcanoes. See Table A.1 used to produce the following topics.

Size and geometry

In my compilation from Table A.1, the height H of the submarine mud volcano increases
when the diameter Dyean (Figure 1.9). Note that the diameter Dyyean here denotes the

mean diameter Dyean = (Dmin + Dmax)/2, if both the maximum diameter Dy,.x and
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minimum diameter Dy, are available for the given mud volcano, and otherwise denotes a
representative diameter of one available in Table A.1. While the increase trend is found,
the height/diameter ratio H/Dyean shows a variation as the height H and the mean
diameter Dyyean increase. Interestingly, however, the mean ratio H/Dyyean is close to that
of seamounts detected by gravity data [Kim and Wessel, 2011]. Serpentine mud volcanoes
developed in the Izu-Bonin (Ogasawara)-Mariana (IBM) Arc are often larger than other
submarine mud volcanoes [e.g., Fryer et al., 1999]. All but a few of serpentine mud
volcanoes range in the height H up to ~ 350 m and the diameter Dpean up to ~ 8 km
in my compilation, while a larger submarine mud volcano is likely present in the Eastern
Mediterranean [Kopf et al., 2001]. The associated topic is presented in Chapter 2.
Figure 1.10a displays a scatter plot of height H (m) versus plan-view aspect ratio
Dinin/ Dmax of submarine mud volcanoes, where Dyax and Dy, (km) are maximum and
minimum diameter of a given submarine mud volcano. A smaller aspect ratio Dyin/Dmax
indicates an elongated plan view shape of the mud volcano. The aspect ratio Dyyin/Dmax
seems to decrease when the height H increases between 0 and 250 m, while the trend is not
found for the height above 250 m. Assuming that the topographical effect on the seafloor
requires unconcern, this suggests that a mud conduit where ejecta ascent from deep depths
to the seafloor shifts as the mud volcano grows, or reflects the stress orientation similar
to magmatic volcanoes [e.g., Nakamura, 1977]. Figure 1.10b displays a scatter plot of
mean diameter Dyean (km) versus plan-view aspect ratio Diin/Dmax of submarine mud
volcanoes, where Dyean = (Dmin + Dmax)/2. The mean diameter Dyean is sketched to be

scatter against the aspect ratio Dmyin/Dmax-

Eastern Mediterranean

The Mediterranean Ridge accretionary complex, a large and arcuate sedimentary wedge
more than 1500 km long and 300 km wide [e.g., Emery et al., 1966; Le Pichon et al., 1982;
Fusi and Kenyon, 1996; Kopf et al., 2003], is expanded in the eastern Mediterranean. The
development of the accretionary wedge results from ~ 4 cm/yr subduction of the Nubian
plate beneath the Aegean Sea along the Hellenic trenches south of mainland Greece and the

island of Crete [e.g., Le Pichon et al., 1995; McClusky et al., 2000; Kreemer and Chamot-
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Figure 1.10: (a) A scatter plot of height H (m) versus aspect ratio Dyin/Dmax of known
submarine mud volcanoes, where Dyyax and Dy, (km) are maximum and minimum diam-

eter of the mud volcano. (b) A scatter plot of mean diameter Dyean (km) versus aspect
ratio Dpin/Dmax of known submarine mud volcanoes, where Dyean = (Dmin + Dmax)/2-

Large serpentine mud volcanoes in the IBM Arc are excluded here. Data from Table A.1
[Kioka and Ashi, 2015].
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Figure 1.11: (a) Distribution of submarine mud volcanoes in the Eastern Mediterranean.
Mud fields are found in Figure 3.1. (b) A scatter plot of mean diameter Dpean (km)
versus height H (m) of submarine mud volcanoes. Red triangles are submarine mud
volcanoes in the Eastern Mediterranean, while gray circles are other known submarine
mud volcanoes except for large serpentine mud volcanoes in the IBM system. Data of
submarine mud volcanoes from Table A.1 [Kioka and Ashi, 2015]. ETOPOL1 grid data
[Amante and Eakins, 2009] are used to illustrate the bathymetry map.
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Rooke, 2004]. Submarine mud volcanism in the accretionary wedge is first ascribed by
Ryan et al. [1982]. This region holds the world’s greatest abundance of mud volcanoes
[Kopf, 2002]. In the Eastern Mediterranean, most of submarine mud volcanoes are found in
the inner accretionary wedge forming in the belt-like manner [Limonov et al., 1996], while
some submarine mud volcanoes are developed in the Nile deep-sea fan (Figure 1.11a).
Submarine mud volcanoes in this region are densely distributed within each mud field
(see Figure 3.1 for mud fields). Submarine mud volcanoes in the Mediterranean Ridge
Accretionary complex are believed to punctuate where the Messinian evaporite layer is
absent or thin [Camerlenghi et al., 1995], because the role of evaporitic sequences prevent

extrusion of overpressured sediments at depth to the seafloor. See Chapter 3 for details.

Submarine mud volcanoes with moderate to large diameters Dyean are found in the
Eastern Mediterranean (1.11b). Despite the range of diameter Djean, submarine mud
volcanoes in the Eastern Mediterranean have relatively lower heights H. This suggests
that submarine mud volcanoes found here yield lower surface slopes of the mud volcano’s

body than that in other regions. The associated topic is discussed in Chapter 2.

Gulf of Cadiz

The Gulf of Cadiz is situated west of the Gibraltar Straits offshore SW Iberia and Morocco,
accommodating a WNW-ESE convergence between Eurasia and Africa plates at at rate
of ~ 5 mm/yr [Fernandes et al., 2003]. A major thrust, the Gulf of Cadiz Accretionary
wedge, is bounded in this region, and the wedge has sediment in thickness of > 10 km
below the seafloor [e.g., Gutscher et al., 2009b]. About 60 submarine mud volcanoes have
been confirmed in the Gulf of Cadiz. Submarine mud volcanoes in this region are widely
distributed at water depths ranging ~ 400-4000 m (Figure 1.12a). All known submarine
mud volcanoes in the Gulf of Cadiz are punctuated within the accretionary wedge. Mud
volcanoes and mud diapirs are clearly seen to be controlled by thrust faults, extensional
faults, and strike-slip faults in the Gulf of Cddiz. Most of submarine mud volcanoes show
symptomatically aligned trends in NE-SW and NW-SE at depths of 400-2000 m in the
eastern accretionary wedge, partly associated with the wrench system [Pinheiro et al.,

2003; Medialdea et al., 2009]. Submarine mud volcanoes situated at depths of > 2000 m
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Figure 1.12: (a) Distribution of submarine mud volcanoes in the Gulf of Cadiz. (b) A
scatter plot of mean diameter Dyean (km) versus height H (m) of submarine mud volca-
noes. Red triangles are submarine mud volcanoes in the Gulf of Cadiz, while gray circles
are other known submarine mud volcanoes except for large serpentine mud volcanoes in
the IBM system. A major thrust and wrench system follow Zitellini et al. [2009]. Data
of submarine mud volcanoes from Table A.1 [Kioka and Ashi, 2015]. Bathymetric data
from the SWIM compilation [Zitellini et al., 2009].
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are scattered in the western accretionary wedge.

Submarine mud volcanoes with moderate to large diameters Dyean are found in the
Gulf of Céadiz (Figure 1.12b). Moreover, submarine mud volcanoes in the Gulf of Céadiz
have relatively higher heights H, suggesting submarine mud volcanoes found here yield
higher surface slopes of the mud volcano’s body than that in other regions. The associated

topic is discussed in Chapter 2.

Western Mediterranean and Central Mediterranean

Submarine mud volcanoes in the Western Mediterranean are developed in the Western
Alboran Basin of Alboran Sea [Blinova et al., 2011; Somoza et al., 2012; Gennari et al.,
2013] (Figure 1.13a). The basin has been formed by crustal extension under a NW-SE to
WNW-ESE contemporary convergence between the African and Eurasian plates [Dewey
et al., 1989] at ~ 5 mm/yr [Ferndndez-Ibdnez et al., 2007]. Submarine mud volcanoes in

this region are densely distributed.

Submarine mud volcanoes in the Central Mediterranean are found in the Ionian Sea
and Tyrrhenian Sea (Figure 1.13b). The Ionian Sea is situated in the Africa/Eurasia
plate boundary at a very slow convergence rate < 5 mm/yr [Calais et al., 2003] with
the Apennine-Maghrebibe connecting system [Patacca et al., 1993], where the Calabrian
accretionary prism is well developed. In the Ionian Sea, submarine mud volcanoes are
widely found in the inner pre-Messinian clastic accretionary wedge and the inner plateau.
No submarine mud volcanoes have been found in the outer Post-Messinian salt bearing
accretionary wedge. This suggests that the Messinian evaporitic sequence plays a profound
role in preventing extrusion of overpressured sediments at deep depths to the seafloor, as

found in the Eastern Mediterranean [Camerlenghi et al., 1995].

Submarine mud volcanoes found in the Western and Central Mediterranean have a wide
range of diameters Dyean (Figure 1.13¢). One of the largest submarine mud volcanoes,
Pythagoras Mud Volcano, ~ 8 km in diameter and ~ 350 m in height, is developed in
the inner pre-Messinian Calabrian accretionary prism in the Central Mediterranean [Praeg

et al., 2009].
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Figure 1.13: (a) Distribution of submarine mud volcanoes in the Western Mediterranean
and (b) in the Central Mediterranean. (c) A scatter plot of mean diameter Dpean (km)
versus height H (m) of submarine mud volcanoes. Red triangles are submarine mud
volcanoes in the Western Mediterranean and Central Mediterranean, while gray circles
are other known submarine mud volcanoes except for large serpentine mud volcanoes in
the IBM system. Data from Table A.1 [Kioka and Ashi, 2015]. Bathymetric data from
the GEBCO_2014 Grid.



1.2.  Submarine mud volcanism: A brief review 27

Nankai, SW Japan

Most of submarine mud volcanoes developed in the Nankai accretionary prism are found
in the Kumano forearc basin [Kuramoto et al., 2001; Morita et al., 2004; Pape et al., 2014]
(Figure 1.14). The Kumano basin is resulted from being offscraped from the incoming
trench and the underlying Shikoku Basin [e.g., Morita et al., 2004]. A submarine mud
volcano is also locally found on the landward part of the trough floor off Muroto, Shikoku
Island [Ashi and Taira, 1992]. Twin mud volcanoes (Kumano Knoll #5 and #6 mud
volcanoes) are found in the Kumano basin. They presumably share their mud conduits
or are resulted from shift of a major conduit reflecting different formation time, although
this issue is still debated. Submarine mud volcanoes developed in the Kumano basin have

moderate diameters (Figure 1.14b)

SW Taiwan

The area offshore southwestern Taiwan is located at the junction between Chinese con-
tinental margin and the southern Taiwan accretionary wedge [Liu et al., 1997]. Most
submarine mud volcanoes are found in the upper slope of the accretionary wedge of south-
ern Taiwan (Figure 1.15a). Several submarine mud volcanoes are developed at water
depths above 500 m [Chen et al., 2014].

Submarine mud volcanoes in the southwestern Taiwan have a wide range of both
diameter Diyean and height H (Figure 1.15b). A smallest submarine mud volcano is
confirmed in the lower slope of the accretionary wedge [Chiu et al., 2006]. Moreover,
submarine mud volcanoes in the Gulf of Cadiz have relatively higher heights H with
respect to diameters Dyean, suggesting submarine mud volcanoes found here yield higher
surface slopes of the mud volcano’s body than that in other regions. The associated topic

is discussed in Chapter 2.

Costa Rica and Nicaragua

The Pacific erosive margin offshore Costa Rica and Nicaragua undergoes the subduction
of the Cocos plate along the Middle America Trench [Ranero and von Huene, 2000] with

a rapid rate [DeMets et al., 1994]. Mud diapirs offshore Costa Rica have been known
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Figure 1.14: (a) Distribution of submarine mud volcanoes in Kumano basin of the Nankai
margin. (b) A scatter plot of mean diameter Dyyean (km) versus height H (m) of submarine
mud volcanoes. Red triangles are submarine mud volcanoes in the Kumano basin of the
Nankai, while gray circles are other known submarine mud volcanoes except for large
serpentine mud volcanoes in the IBM system. Data from Table A.1 [Kioka and Ashi,
2015]. A high-resolution bathymetric map in this mud field is found in Figure 4.7a.
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Figure 1.15: (a) Distribution of submarine mud volcanoes in the SW Taiwan. (b) A scatter
plot of mean diameter Dyean (km) versus height H (m) of submarine mud volcanoes.

Red triangles are submarine mud volcanoes in the SW Taiwan, while gray circles are
other known submarine mud volcanoes except for large serpentine mud volcanoes in the
IBM system. Data from Table A.1 [Kioka and Ashi, 2015]. Deformation front of the

accretionary wedge is from Liu et al. [1997]. ETOPO1 grid data [Amante and Eakins,
2009] are used to illustrate the bathymetry map.
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Figure 1.16: (a) Distribution of submarine mud volcanoes in Costa Rica and Nicaragua.
(b) A scatter plot of mean diameter Dean (km) versus height H (m) of submarine mud
volcanoes. Red triangles are submarine mud volcanoes in Costa Rica and Nicaragua, while
gray circles are other known submarine mud volcanoes except for large serpentine mud
volcanoes in the IBM system. Data from Table A.1 [Kioka and Ashi, 2015]. ETOPO1
grid data [Amante and Eakins, 2009] are used to illustrate the bathymetry map.
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since the late 1980s using 3D seismic reflection data [Shipley et al., 1990]. Submarine mud
volcanoes in this region are underlain on the deformed midslope (Figure 1.16a). Normal
faulting across the midslope is likely associated with the mud volcanism here [Mdrz et al.,
2005]. Some mud volcanoes are covered by continuous, massive and fractured carbonates
le.g., Mdrz et al., 2005; Biirk, 2007].

Submarine mud volcanoes offshore Costa Rica and Nicaragua have small to moderate
diameters Dpean (Figure 1.16b). Submarine mud volcanoes here have relatively higher
heights H with respect to diameters Diyyean, suggesting submarine mud volcanoes found
here yield higher surface slopes of the mud volcano’s body than that in other regions. The

associated topic is discussed in Chapter 2.

Other notes

Absence of submarine mud volcanism in the subpolar subduction margins such as southern
Alaska and southern Chile margins is recognized (Figure 1.8), while active submarine
mud volcanoes are found in Beaufort Sea of the Canadian Arctic [Paull et al., 2015],
offshore central British Columbia [Berkowitz, 2015], the shallow shelf in the Okhotsk Sea
le.g., Shakirov et al., 2004], and Shetland continental margin off the Antarctic Peninsula
[Tinivella et al., 2008]. The absence of submarine mud volcanism in the southern Alaska
margin has been long mysterious [ Wallmann et al., 1997; Kopf, 2002]. T will examine this

issue in the future study, though this topic is beyond the scope of this thesis.

1.2.4 Geohazards associated with mud volcanism

One example of a proposed earthquake-triggered eruption is an unprecedented eruption
from Lusi (named after “Lumpur Sidoarjo”) Mud Volcano, East Java, Indonesia. The
large subsidence caused by the eruption damaged transportation and communication in-
frastructure [Abidin et al., 2009]. The extruded mud covered more than an area of 7 km?
[Rudolph et al., 2013], displacing more than 60,000 people and causing economic losses
more than $4 billion [Richards, 2011]. While the eruption was proposed to trigger by
the neighboring M, 6.3 earthquake, 2 days prior to the eruption, by many studies [e.g.,

Mazzini et al., 2007; Sawolo et al., 2009; Lupi et al., 2013], it has also been proposed to
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Figure 1.17: Occurrence of earthquake-triggered mud eruptions from onshore mud vol-
canoes (red triangle) as a function of moment magnitude and hypocentral distance of a
given earthquake. The data are compiled from Wang and Manga [2010] and Rudolph and
Manga [2012]. Labeled blue lines show the seismic energy density (e), which is the total
kinetic energy per unit volume in a seismic wave train as recorded by a seismograph at a
given location [Wang, 2007].

be initiated by drilling operations for gas exploration near the eruption site [e.g., Manga,
2007; Davies et al., 2008; Rudolph et al., 2015; Tingay et al., 2015]. The issue reviewed
here is important from a viewpoint of subsurface material cycling, because the cycling
would be responsible for geohazards such as earthquakes and tsunamis associated with

mud eruptions from mud volcanoes.

Numerous previous studies have documented a large variety of hydrologic changes
following earthquakes, including changes in the eruption behavior of mud volcanoes and

geysers, liquefaction of soils, the formation and disappearance of springs, and discharge
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in streams and groundwater [e.g., Montgomery and Manga, 2003; Manga and Brodsky,
2006; Wang and Manga, 2010; Manga et al., 2012]. Mud eruptions from onshore mud
volcanoes in response to earthquakes have been reported from long records of responses
to earthquakes in Azerbaijan [Mellors et al., 2007], Italy [Bonini, 2009], and Japan [Chi-
gira and Tanaka, 1997]. A compilation of mud eruptions shows that the distance over
which mud volcanoes respond, within a few days after earthquakes, for a given magni-
tude of earthquake [Wang and Manga, 2010; Rudolph and Manga, 2012] (Figure 1.17).
The mechanisms by which earthquakes influence the mud eruptions remain controversial,
although the primary driver of ejecta ascent requires overpressures. This is arisen from
the large distances between a given earthquake and the locations where the responses
occur, the response processes occurring at deep depths as reviewed in Subsection 1.2.1,
the limited number of observations, and finding that mud volcanoes appear to respond to
both static and dynamic stresses [Manga and Bonini, 2012; Rudolph and Manga, 2012].
The distribution of various hydrologic responses may be scaled by an empirical relation
expressed by logr = A+ BM, where r is the distance from the earthquake source, beyond
which the response is not expected, M the earthquake distance, and A and B the fitting
constants [e.g., Kuribayashi and Tatsuoka, 1975; Papadopoulos and Lefkopoulos, 1993].
Combining this relationship with the classical relation between M and the total seismic

energy [Bath, 1966], Wang [2007] obtains the following empirical relation:

logr = 0.48M — 0.331loge — 1.4, (1.1)

where r is distance in km, and e is seismic energy density (J/m?) defined by kinetic
energy in ground shaking [Wang, 2007]. This relationship is illustrated in a logr versus
M diagram (Figure 1.17). Mud volcanoes are bounded by a constant seismic energy
density of e ~ 1072-10~! J/m?® [Wang and Manga, 2010] for triggering the eruptions.
The threshold has been used for examining that a drilling-trigger is more likely than an
earthquake-trigger for mud eruptions from Lusi Mud Volcano, onshore Indonesia [Rudolph
et al., 2015], which is still debated. Moreover, the eastern Mediterranean is known for both
submarine mud volcanism [Kopf, 2002] and seismically most active in Europe [McKenzie,

1972] (Figure 1.18). The area is one of the most suitable fields to examine the linkage
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Figure 1.18: Historically known large earthquakes (M > 7) [e.g., Papadopoulos et al.,
2007], other seismicity (M > 6, USGS/NEIC PDE catalog: 1915-2015), and known sub-
marine mud volcanoes in the central and eastern Mediterranean [Kioka and Ashi, 2015].
ETOPOL1 grid data [Amante and Eakins, 2009] are used to illustrate bathymetry map.

between submarine mud volcanism and neighboring large earthquakes. This could also
help unveil long-term recurrence of large earthquakes combined marine turbidite records
[e.g., Goldfinger, 2011] with ejecta records from submarine mud volcanoes and sediment
expulsion/mobilization such as pockmarks and associated mass-transport deposits [e.g.,

Reusch et al., 2016]. The associated topic is made passing reference in Chapters 2 and 3.

Submarine mass failures can often serve as generation of large tsunamis [e.g., Kawa-
mura et al., 2012]. Eruptions from submarine mud volcanoes could also responsible for
tsunami generations, although the eruptions themselves are thought not to be primary
tsunami generators due to their small scale [e.g., Li et al., 2015]. However, several drastic
mud eruptions from onshore mud volcanoes have been observed in New Zealand, Cali-
fornia, and Sakhalin, reaching a height of several hundred meters or more [White, 1955;
Ridd, 1970; Kopf, 2002]. Thus, the massive mud eruptions from submarine mud volcanoes

might serve to generate tsunamis if such eruptions occur, though this validation requires
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Table 1.2: Connections between the given chapter and other chapters to understand roles
of submarine mud volcanism on subseafloor material cycling studied in this thesis.

Chapter 2 Chapter 3 Chapter 4

Sediment transfer v v A
Fluid migration v v JAN
Carbon cycle v A v

further considerable works.

1.3 A note about this thesis

The three main chapters of this thesis fall into three independent topics: (1) Morphology
and eruptional dynamics of submarine mud volcanoes (Chapter 2), (2) Ascent mechanism
of ejecta from submarine mud volcanoes (Chapter 3), and (3) Amount of methane inside
submarine mud volcanoes (Chapter 4). In the following subsections, I separately summa-
rize the motivation behind each chapter and the results obtained, because the parts of this
thesis have different goals as presented above. Nevertheless, all the main chapters aim to
understand submarine mud volcanism and its roles on subseafloor material cycling from
standpoints of sediment transfer, fluid migration, and carbon cycle (Table 1.2). A short
discussion of connections between given chapter and other chapters is thus addressed in
a section entitled “Connections to other chapter” at the end of each individual chapter.
Finally, I will discuss roles of submarine mud volcanism on subseafloor material cycling in
Chapter 5 based on results produced in the three main chapters, and will summarize this

study in Chapter 6.

Chapter 2

Submarine mud volcanism can be viewed as natural tectonic conduits that bring up deep
material and fluid to the seafloor to explore subseafloor geological processes without deep-
drilling. In particular, broad interests have been significantly boosted since the review

paper published in 2002 [Kopf, 2002]. But roles of mud volcanism on subsurface material
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cycling have been long puzzled, while this issue must be solved in order to understand
subseafloor geological processes through submarine mud volcanism. In this chapter, I
made a first effort in making a catalog (Table A.1) through compilation of topographical
properties of submarine mud volcanoes that includes sufficient information to investigate
the issue. The catalog reveals that mud volcanoes are highly variable in size and geometry
as found in “magmatic” volcanoes, which makes a question what factors (e.g., tectonic
regimes) drive the variation. The compilation is thus forwarded to infer various dynamics
of massive mud eruptions from offshore mud volcanoes in the light of previous authoritative
studies into granular flows. While this approach is relatively straightforward, I have never
seen anything like this in the literature. I found that a surface slope of mud volcano body
sheds light on the dynamics of episodic mud eruptions from offshore mud volcanoes. As
this study takes a first shot at global census on shapes and eruptional dynamics of offshore
mud volcanoes, I believe the results presented in this chapter are important and will be
of widespread interest to a broad scientific community. Final goals of this chapter include
building of scaling law between mud volcano’s shape and mud volume of individual mud

eruptions, which is a future study by incorporating thermodynamic and kinetic terms.

Chapter 3

Physics of ejecta ascent from mud volcanoes has often been unsuspectingly thought to be
a diapiric flow (i.e., a flow driven by a force of buoyancy manifested by density contrast),
while the ascent in practice is much complicated rather than we have expected [Manga
et al., 2009]. However, an examination into ascent mechanism and its background physics
is important especially for understanding of roles of submarine mud volcanism on sub-
seafloor sediment recycling and fluid migration. In this chapter, I present for the first
time detailed ascent dynamics of submarine mud volcanism in the western Mediterranean
Ridge Accretionary Complex of the Eastern Mediterranean Sea, in the light of vitrinite
reflectance measurements of ejecta samples from a submarine mud volcano and thermal
structure modeling. The Mediterranean Ridge studied here is an intriguing area from
viewpoints of existence of numerous submarine mud volcanoes as well as thick Messinian

evaporitic sequences and other geological aspects. Moreover, understanding of ascent
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mechanism needed many geological constraints is benefited from previous numerous stud-
ies, as the Mediterranean Ridge has been historically studied owing to greatest number of
submarine mud volcanoes. The samples were obtained from Médée-Hakuho Mud Volcano
in the western Mediterranean Ridge using a remotely operated underwater vehicle during
a Japanese-Greek collaborative research cruise in winter 2007. The thermal structure was
designed in this study mainly for enhancing results of the vitrinite reflectance, but this
result will be also applied to many kinds of geological studies and future deep-drilling
such as the IODP (International Ocean Discovery Program) projects in our targeted area,
because thermal regime also affects subseafloor material cycling. I found the evidence
that the studied mud volcano has two-fold ascent mechanism which is strongly related to
geological and tectonic regimes in the Mediterranean Ridge Accretionary Complex. I be-
lieve most of the results presented in this chapter are important and will be of widespread

interest to our community.

Chapter 4

As reviewed in the previous section, mud volcanoes are among the largest geological sources
releasing hydrocarbon gases and CO3 into the atmosphere or the water column [e.g., Dim-
itrov, 2002; Etiope and Milkov, 2004]. An estimate of potential methane concentration
inside submarine mud volcanoes is an urgent issue especially into clarification of the “Miss-
ing methane” problem. This problem is first appealed by Milkov et al. [2003], in which
they show that global methane effluxes from deep-water mud volcanoes are now under-
estimated partly because of lacking of in-situ measurements. Since then, many studies
have made efforts in analysis of sampled seawater from offshore mud volcanoes to get to
know their methane fluxes. However, these challenges based on sample measurements
are unsatisfactory to solve potential methane fluxes from deep-water mud volcanoes, as
these geochemical measurements have been confined to above or subsurface of mud vol-
canoes, though full understanding requires secure deep-drillings. Moreover, a long-term
observation on a mud volcano offshore Norway reveals a higher methane emission than
expected [Feseker et al., 2014]. Since then, broad interests into methane inside deep-

water mud volcanoes have been further boosted. In this chapter, I took a first shot at
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geophysical estimation of the amount of methane inside a deep-water mud volcano using
seismic data available easier than deep-drillings or long-term observations. I developed
and tested a novel method for estimation of methane concentration inside a deep-water
mud volcano using seismics. 1 showed first geophysical evidence of unexpectedly large
methane concentration inside a deep-water mud volcano. While this approach is relatively
straightforward, it is novel and new—I have never seen anything like this in the literature.
This new method is general, not specific to the application in the SW Japan that I tested
here, and I expect it will be broadly applied to all deep-water mud volcanoes using seismic
data. The result presented in this chapter guides to reestimate global methane eflux from
deep-water mud volcanoes using our method and long-term observations, and to repicture
the role of submarine mud volcanism on subseafloor carbon cycle. The result is important
and will be of interest to broad scientific communities including not only mud volcanism

but also climate change.



Chapter 2

Morphological fingerprints of

submarine mud volcanoes

2.1 Summary

The role of mud volcanism on subsurface fluid migration and material cycling has long
been debated. Here, we compile the heights and radii of offshore mud volcanoes, and
estimate a mean volume of episodic massive mud eruptions based on previous studies into
granular flows. The volume is estimated as a function of the ratio of height to basal
radius of the mud volcano’s body under reasonable assumptions of the sizes of the mud
conduit. Nearly all known offshore mud volcanoes are found to be polygenetic with the
mean individual eruption volume of the pie-type mud volcano being several orders of
magnitude larger than that of the cone-type. The frequent occurrence of pie-type mud
volcanoes in accretionary margins characterized by high sediment influx, is explained by
their efficiency in the transport of large amounts of fluidized sediments from deep depths

to the seafloor.

2.2 Introduction

Mud volcanoes are commonly found in a variety of tectonic settings [Kopf, 2002] and act
as natural conduits that bring to the surface substances and fluids driven from the deep

by overpressure. Thus, mud volcanoes are useful in exploring the subsurface processes

39
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active in material cycling and fluid migration. Many studies into mud volcanism on Earth
since the early 1970s have confirmed around 300 offshore mud volcanoes with that figure
doubling around a decade ago [Dimitrov, 2002; Kopf, 2002]. Nevertheless, quantitative
and statistical studies of mud volcano morphology have mostly been restricted to onshore
mud volcanoes on Earth [Bonini, 2008, 2012] or mud volcano-like structures imaged on
Mars [Tanaka, 1997; Oehler and Allen, 2010], due to the greater availability of high-quality
topographic measurements for Martian mud volcanoes in contrast to those discovered on
Earth’s seafloor, although the interpretation that the Martian features are in fact mud
volcanoes remains controversial [Pondrelli et al., 2011]. However, the recent increase in
the number of submarine mud volcanoes that have been surveyed by bathymetric and
seismic instruments with high resolutions has greatly benefited morphological studies of

mud volcanoes.

Previous studies have proposed that the shapes of submarine mud volcanoes may differ
with region and tectonic background [Kopf, 2002; Rabaute and Chamot-Rooke, 2007] or
that they are related to the viscosity or porosity of body depositions as well as the size
of the conduit feeder [Lance et al., 1998; Kopf, 2002]. Some studies suggest that mud
volcanoes develop a conical or a flat-top edifice depending on their water content [Barber
et al., 1986; Lance et al., 1998; Feseker et al., 2009]. However, submerged mud volcanoes
(such as the submarine mud volcanoes discussed here) are often unlikely to follow this
trend when their ejecta mix with seawater immediately on reaching the surface. The
isostatic model used by Murton and Biggs [2003] to estimate mud flow rates from offshore
mud volcanoes, which would enable to examine the surface morphology, is inapplicable to
shallower- or deeper-depths originated mud volcanoes as it is independent of the real source
depths of mud volcanoes. For example, some mud volcanoes in the Eastern Mediterranean
have moderate heights but relatively deep source depths of around 5-9 km below the
seafloor [Schulz et al., 1997; Kioka et al., 2015]. Similarly, serpentine mud volcanoes in
the Izu-Bonin (Ogasawara)-Mariana (IBM) Arc system also vary in source depths with

roots reaching up to 30 km [Fryer et al., 1999].

Offshore mud volcanoes are less affected by obvious weathering and surficial erosions

and thus document the eruptive and depositional regimes during their development more



2.2. Introduction 41

clearly than onshore mud volcanoes, which are more difficulty to study because of these
changes. Hence, we compiled bathymetric and seismic reflection data and literature to
make a catalog of submarine mud volcanoes (Table A.1). Morphological studies were
performed on the catalog of submarine mud volcanoes, to better understand subseafloor
material cycling and fluid migration. Our compilation shows that offshore mud volcanoes
are highly variable in their sizes and aspect ratios, i.e., the ratio of body height to basal

radius (Figure 2.1).
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Figure 2.1: Examples of compiled data in the catalog of offshore mud volcanoes (Table A.1)
including (a) the mean surface angle (degrees) and (b) radius R (m) versus the aspect ratio
of the mud volcano’s body, H/R (the ratio of height to radius of the mud volcano’s body).
(c) Offshore mud volcano fields and the number of mud volcanoes from each mud volcano
field used in this study (black stars). Other regions with known or the inferred presence
of onshore/offshore mud volcanoes [Kopf, 2002] are also plotted (black dots).
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To explain these differences, we studied the dynamics of submarine mud volcanoes that
underpins their episodic massive mud eruptions, affecting their sizes and aspect ratios.
Estimating the potential volume of a mud eruption from a mud volcano is challenging,
owing to a number of factors. However, we addressed this issue here by combining the
aspect ratios of the mud volcanoes with previous studies of dense granular flows [Lajeunesse
et al., 2004, 2005; Lube et al., 2004; Lagrée et al., 2011]. This study would be able to
estimate the volumetric flux of episodic massive mud eruptions from each offshore mud
volcano to address the roles of mud volcanism on fluid migration and material cycling,

and the processes governing them that have long been unclear.

2.3 Data and Methodology

2.3.1 A compilation of mud volcanoes

To date, no catalogs of offshore mud volcanoes with information sufficient for the issue
presented here have been reported. We compiled the heights and radii of offshore mud
volcanoes distributed around the world from bathymetric data or from the literatures (Ta-
ble A.1). The data used here (N = 258) include submarine mud volcanoes in the regions
illustrated in Figure 2.1c (see Table A.1 for details). The radius of each mud volcano R
here denotes the mean radius, R = (Rmax + Rmin)/2, if both the maximum radius Rpax
and minimum radius R, are available for the mud volcano, and otherwise denotes a
representative radius of those available in the literature. The shapes of the mud volca-
noes are approximated to be elliptic cones or circular cones, and thus the volumes and
mean surface slopes of the mud volcanoes are given by 7RpyaxRminH/3 or TR2H /3 and
arctan(H/R), respectively, where H is the height of the mud volcano. Since some of off-
shore mud volcanoes have flat-topped crests (i.e., truncated cones) or contain depressions,
we here define H as the maximum height of the mud volcano. We also do not take into
account the subsidence of ejecta at the crest or on the whole volcano body, which affects

the height and radius of a mud volcano.

The compiled data set shows that offshore mud volcanoes are highly variable in their

sizes and geometries (Figure 2.1). The radii of offshore mud volcanoes, including the large
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serpentine mud volcanoes in the IBM Arc [Fryer et al., 1999] are on the order of 10? to 10%
m. Their mean surface slopes are also highly variable, ranging around 7.8° £ 4.1° (+10)
and are generally lower than the angle of repose. Interestingly, the mean surface slope
value is close to that of seamounts (~ 7.7°) detected through altimetry-based gravity data

[Kim and Wessel, 2011], though this topic is beyond the scope of this study.

2.3.2 Applications of previous granular flow studies to mud volcanoes

The rheology of mud is often described with a nonlinear viscoplastic Herschel-Bulkley
model [e.g., Herschel and Bulkley, 1926; Huang and Garcia, 1998]. Although this model is
known to fit rheological data of mud over a wide range of shear rates [Nguyen and Boger,
1992; Coussot and Piau, 1994], the flow index approximating the degree of non-Newtonian
behavior has a very large range depending on materials of mud flow [Coussot and Piau,
1994; Tran et al., 2015; Vona et al., 2015]. Unlike magmatic volcanoes whose dynamic
viscosity of magma has a wide span of values, ~ 107'-10'* Pa-s [Hess and Dingwell, 1996;
Giordano et al., 2008], the range of dynamic viscosities of the ejecta from mud volcanoes
is narrow, ranging over 103-10% Pa-s based on measurements and laboratory experiments
even accounting for a moderate variation in water content [Kopf and Behrmann, 2000;
Manga et al., 2009; Rudolph and Manga, 2010], while progressive water dilution makes
smaller values [Vona et al., 2015]. However, both magmatic and offshore mud volcanoes
show similar variations in surface slope angles up to ~ 30° (Figure 2.1). This suggests that
there are other ways to describe the magnitudes of eruptions from offshore mud volcanoes,
without referring to variations in dynamic viscosity which are applicable to magmatic
volcanoes (e.g., a shield volcano yields a gentle eruption).

Dense granular flows are commonly observed in geophysical phenomena such as rock
or snow avalanches, landslides, and debris or pyroclastic flows [lverson, 1997; Dade and
Huppert, 1998; Legros, 2002; Ekstrém and Stark, 2013]. Experimental studies into the
collapse and spreading of dry granular columns onto horizontal beds have revealed that the
flow duration, the spreading velocity, and the final extent of the deposit can be described
independent of basal properties, bed size, density and shape of granular material, and the

released mass [Lajeunesse et al., 2004, 2005; Lube et al., 2004]. The phenomenology of this
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slumping process thus depends only on the initial aspect ratio of the column ag = Hy/ Ry,
where Hy and Ry are the initial column height and width, respectively (Figure 2.2a), as
reported in axisymmetric collapses experiments [Lajeunesse et al., 2004, 2005; Lube et al.,
2004], particle mechanics computations [Staron and Hinch, 2005], and the implementation
of a so-called u(I)-rheology [GDR MiDi, 2004; da Cruz et al., 2005] in an incompressible
2-D Navier-Stokes solver [Lagrée et al., 2011]. The run-out distance R, when normalized
by the initial width of the column Ry (Figure 2.2a), behaves as a power law of the column’s
initial aspect ratio ag. The exponent of the power law is dependent only on the geometry

of the column, and its value is highly reproducible. The scaling obtained is expressed as:

Reo — Ro .

RO - Ala[)a (2 1)
Hy

Rio = )\2(1/5, (22)

where A1, A2, , and § are positive constants dependent on the ranges of the initial aspect
ratio ap and the scheme [Lajeunesse et al., 2004; Lagrée et al., 2011]. The relationship
between the initial aspect ratio ag and the final run-out aspect ratio a (= Hoo/Roo) is

then obtained by substituting the equations (Figure 2.2b).

Here, we apply ideas from established studies on dry dense granular flows [Lajeunesse
et al., 2004; Lagrée et al., 2011] to the rheology of massive mud eruptions from offshore
mud volcanoes (Figure 2.2c), because the power-law behavior of the granular flows is less
affected by the flow materials as addressed below. Let an upward dense flow of an initial
eruption from an offshore mud volcano yields a cylinder with a height of Hy and a radius
of Rg. The column collapses and spreads onto the seafloor after the initial eruption with
a final height Hy, and a final run-out distance R.,. The scheme here averages the extents
of multiple upward eruptions under the assumption that the final aspect ratio Ho /R is
preserved. Based on the above, the ratio of the current mud volcano H/R is assumed to

be equal to the run-out ratio Ho/Reo.

Ejecta of massive eruptions from offshore mud volcanoes are variable in grain size
and include some large clasts, but the power-law behavior in the scheme used here is

independent of the grain size [Lajeunesse et al., 2004, 2005; Lube et al., 2004]. If an
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Figure 2.2: (a) Schematic illustration of column collapse experiments (modified from La-
jeunesse et al. [2004] and Lagrée et al. [2011]), with the final maximum thickness Ho, and
the final half-radius (run-out distance) R,. (b) The relationship between the initial aspect
ratio ap and the final aspect ratio ao (red: experiments from Lajeunesse et al. [2004]; blue:
2-D p(I)-rheology continuum model from Lagrée et al. [2011]). (¢) A schematic model of
massive mud eruptions and settlement of offshore mud volcanoes in this study (see text).

eruption has clasts, then the settlement is formed differently with a splatter wall or mound
being built first. This wall or mound, however, may then collapse as a result of subsequent
eruptions, and, as a result, the scaling can be applied as the effects are averaged over a
period of time. When a fluid is present in the granular medium, it has profound effects
on contacts between grains and the induction of drag forces on them. However, numerical
simulations reveal the equality of the run-out distance R, between grain- and fluid-inertial
regimes, because the effects of fluid, including reduction of the kinetic energy during

granular collapse and enhancement of the flow by lubrication during granular spread, are
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presumably canceled out each other [Topin et al., 2012]. Thus, the scheme described
above can be applied to massive mud eruptions from submarine mud volcanoes. Bottom
water currents, whose effects on surficial erosion are hard to estimate, were not taken
into account in this study, although they can flatten the pile. In addition, ejecta from
subsequent mud eruptions would likely flow on a certain slope, whereas here we assumed

that they flowed on a flat surface.

2.4 Results and Discussion

Conduit radii of mud volcanoes either do not exceed a couple of meters or range around 10
m, according to several measurements and theoretical estimations [Kopf and Behrmann,
2000; Kopf, 2002; Rudolph et al., 2011], although these estimates remain controversial.
High-resolution 3-D seismic images have also revealed cylindrical zones of amalgamated
narrow fluidized mud pipes that feed offshore mud volcanoes [e.g., Davies and Stewart,
2005; Stewart and Davies, 2006]. We estimated the mean volume of episodic mud eruptions
of the mud volcano using the scaling law [Lajeunesse et al., 2004; Lagrée et al., 2011],
assuming Ry = 1o for various values of the radius of the mud conduit r¢ (Figure 2.2c).
Offshore mud volcanoes with a conduit radius of 1 m have a mean volume of episodic
massive eruptions around 10'-10? m?3 while those with a conduit radius of 10 m have mean
volumes of 103-10° m3. The mean eruptive volume of “pie-type” offshore mud volcanoes
(i.e., a mean surface slope of < 5° [Kopf, 2002]) is one or two orders of magnitude larger
than the mean eruptive volume of the “cone (dome)-type” mud volcanoes (here, a mean
surface slope of > 10°) (Figure 2.3), while the conduit width and the volume of individual
eruptions may increase as the mud volcano grows and thus the calculated volume varies
considerably.

More than 95% of offshore mud volcanoes are overwhelmingly larger than the esti-
mated volume of a primary mud eruption (Figure 2.3). This means that nearly all of
them are polygenetic, as found as so-called “Christmas tree” structures in their seismic
images [e.g., Somoza et al., 2003]. Thus, offshore mud volcanoes reuse their main conduits
multiple times, suggesting that they serve effectively to transfer fluids and materials from

deep depths to the seafloor. Monogenetic mud volcanoes seem to erupt predominantly in
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Figure 2.3: Estimated volume of episodic mud eruptions from a single offshore mud volcano
under reasonable assumptions of the radius of the mud conduit 9 = 1, 5, 10, and 20 m
[Kopf and Behrmann, 2000; Kopf, 2002, where red and blue lines are derived from the
solutions of Lajeunesse et al. [2004] and Lagrée et al. [2011], respectively. Volumes of
compiled offshore mud volcanoes are also plotted (black triangles), but large serpentine
mud volcanoes in the IBM Arc are excluded here.

extensional tectonic settings and are not driven by compressional stress similar to mag-
matic volcanoes [e.g., Nakamura, 1977]. This indicates that most of the known submarine
mud volcanoes were formed from eruptions caused by background compressional stress.
Since some onshore monogenetic mud volcanoes do not necessarily concur with extensional
settings, the size of mud chamber or fluid source is also a significant key triggering multiple

eruptive phases.

Given that a pie-type mud volcano has a larger-sized conduit [e.g., Kopf, 2002], the
mean volume of an individual episodic massive eruption from a pie-type offshore mud
volcano should be two or three orders of magnitude larger than the one from the cone-

type offshore mud volcano (Figure 2.3). Since offshore mud volcanoes are thought to be
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polygenetic and thus differ in the number of eruptions and time taken to reach the current
volume, the current volume of the mud volcano is indeed sketched to be scatter against
its aspect ratio (Figure 2.3). For a high initial aspect ratio ag, the run-out height reaches
a limit value [Lajeunesse et al., 2004; Lube et al., 2004; Lagrée et al., 2011] and the slope
angle at the toe of the final deposit is saturated at a value of ~ 5° [Lajeunesse et al.,
2004]. In the scatter plot (Figure 2.3), the volume seems to decrease when the slope
angle increases between 5° and 10°, while the trend is opposite for the angle below 5°.
This feature is consistent with the above theoretical relationship. It is thus likely that
mud volcanoes with the largest volumes have an average slope angle of 5°, and that the
pie-type mud volcanoes have either a lower coefficient of internal friction or a different

rheology.

Multiple comparisons performed using the Ryan-Einot-Gabriel-Welsch Q (REGWQ)
procedure (p < 0.05) [Ryan, 1960] showed that pie-type offshore mud volcanoes are
uniquely dominant in the western Mediterranean Ridge, Makran, and Barbados accre-
tionary wedges (Table 2.1). These accretionary wedges are characterized by their low
taper angles (less than 4°) and high rates of incoming sediments in trenches reaching
~ 2 x 10743 x 107* km?/yr (Table 2.1). These wedges hamper fluid escape and con-
sequently lead to elevated pore pressures [Saffer and Bekins, 2006]. Thus, the frequent
occurrence of pie-type mud volcanoes in these wedges suggests that they act as efficient
conduits to allow the escape of large quantities of fluidized sediments from the wedge to
the seafloor as well as for release of the large overpressures. This feature helps estimate
a volume balance of extruded muds and incoming sediments [e.g., Kopf, 1999] to discuss

the roles of mud volcanism on subseafloor material cycling.

The Milano mud volcano in the central Mediterranean Ridge accretionary complex
is well investigated, thanks to the successes of deep-drilling projects. Its activity began
around 1.5 Ma and it continues to remain active [Robertson and Ocean Drilling Program
Leg 160 Scientific Party, 1996]. It has a volume of ~ 1.6 x 10® m® with an aspect ratio
of H/R ~ 0.09 in our calculation (Table A.1). Given the radius of the conduit of the
mud volcano is ~ 5 m [Kopf and Behrmann, 2000], around 40-50 massive mud eruptions

per 1000 years on average would be required to obtain the present volume (Figure 2.3),
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although the drilling on the flank of the mud volcano does not record these frequent events
[Robertson and Ocean Drilling Program Leg 160 Scientific Party, 1996] partly because
of the entrainment by extruded mud flow and slow background sedimentation rates. We
extracted from the Advanced National Seismic System (ANSS) catalog a list of earthquakes
that occurred between 1961 and 2015 in all depth ranges using a 1° sampling, centered
around its location, in order to estimate the Gutenberg-Richter relation [Gutenberg and
Richter, 1944]. The cumulative number of earthquakes was extrapolated to estimate the
number of earthquakes of M > 6 per 1000 years, yielding interestingly around 40 events
per 1000 years, though this estimate does not take into account the error due to the
uncertainty of the b-values. This suggests large earthquakes around the mud volcano
(M > 6) could be the primary drivers of episodic massive eruptions, if earthquakes can
indeed trigger massive mud eruptions as suggested [Mellors et al., 2007; Manga et al.,

2009)].

Given a mud volcano of a mean slope of 5° with a mud conduit radius of rp = 5 m, our
scheme requires an individual eruptive height of Hy ~ 30-60 m (Figure 2.2b) to satisfy the
volume of episodic mud eruptions derived from the solutions of Lajeunesse et al. [2004] or
Lagrée et al. [2011] (Figure 2.3). The idea that the upward dense flow driven by a massive
mud eruption from a submarine mud volcano can reach such heights without suspension
or buckling might seem controversial. But, several drastic eruptions from onshore mud
volcanoes in New Zealand, northeastern California, and Sakhalin have been observed to
reach a height of several hundred meters or more [ White, 1955; Ridd, 1970; Kopf, 2002].
In contrast, a direct observation of massive mud eruptions from offshore mud volcanoes by
submersible surveys remains difficult, as eruptions are episodic. However, the simultaneous
release of gases promotes a further upward flow without effective suspension as ejecta from
the mud volcano captures large amounts of these gases. Thus, a massive mud eruption
from a submarine mud volcano can reach a height of tens or hundreds of meters, behaving

as a dense upward flow.

In nature, however, in most cases the cylinder would start collapsing before it reaches

the estimated height. Let us consider the initial gravitational potential energy of a mud
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head of radius Ry and height Hy:

T
E; = *(Pb - psw)gRgHg = §(Pb - psw)gagRé7 (23)

NN

where pp is the bulk density of the mud head, pg, is the seawater density, and g is the
gravitational acceleration. The initial potential energy is alternatively expressed using

equation (2.1):

(= psw)9ad o (pb— Psw)9ad o
"7 2m(Reo/Ro)* T 2m(Ma§ +1)4 T

(2.4)
which shows a power law scaling among the run-out surface area A,, ~ TR2 , the initial
potential energy, and the initial aspect ratio ag. Since the radius of the mud head Ry is
fixed to be the radius of the mud conduit rg, this relation means that the more energy
the massive eruption inputs into the system, the more the run-out avalanche will spread,
given that the run-out aspect ratio a., falls exponentially with increasing initial aspect
ratio ag values (Figure 2.2b). This also suggests that the background theory for qualitative
discussions here in practice does not require the building of a dense granular cylinder.
Thus, it is possible to use a different parametrization incorporating energy expressed in

different forms to estimate massive mud eruptions, which will form the basis of a future

study.

The catalog created in this study also needs to be further updated, since it is esti-
mated that there are thousands of offshore mud volcanoes [Milkov, 2000; Dimitrov, 2002].
Moreover, our scheme tends to underestimate the aspect ratio of offshore mud volcanoes,
because we ignore subsidence and the gravitational collapse of the volcanic body that often
occurs in pie-type mud volcanoes [e.g., Henry et al., 1990]. Despite such uncertainties due
to limited parametric considerations, our study delineates the dynamics of episodic mas-
sive mud eruptions from submarine mud volcanoes. The Coulomb’s wedge theory (which
describes a taper angle; most basal angles of offshore mud volcanoes seem to settle around
0-2°) coupled with the scheme in this study and the scheme of Murton and Biggs [2003]
might further expand our understanding of the dynamics of mud volcano eruptions. In
addition, long-term stationary observations, subbottom profiling, and more information

about the physical properties of the ejecta will help us better understand the dynamics of
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Table 2.1: Occurrence of pie-type offshore mud volcanoes in each subduction margin.
Numbers of pie-type offshore mud volcanoes and all offshore mud volcanoes were extracted
from our catalog (Table A.1). Properties of the subduction margins investigated here that
include taper angle, convergence velocity, and sediment thickness at trenches are from the
literature [Le Pichon et al., 1995; Clift and Vannucchi, 2004; Saffer and Bekins, 2006;
Fernandes et al., 2007; Gutscher et al., 2009a, b; Heuret et al., 2012].

Region Type® # of # of Taper Orthogonal Sediment  Input
pie-shape all angle convergence thickness rate?
mud mud velocity at trench  (x107°
volcanoes  volcanoes (cm/yr) (km) km? /yr)
GOC*® A 2 48 ~ 2° 0.5 ~ 1019 ~5
WMR ¢ A 7 9 ~ 2° 4.0 7.0 28
Makran A 3 3 2.9° 4.0 7.5 30
Barbados A 3 6 3.6° 2.8 6.3 18
Nankai A 3 12 4.0° 4.0 1.5 6
SW Taiwan A 2 18 4.7° 3.0 2.8 8
Nicaragua E 0 28 15.0° 7.8 0.5 4
Costa Rica E 0 12 7.6° 8.0 0.6 5

@ A: Accretionary type subduction margin; E: Erosional type subduction margin.

b The rate is computed as a product of orthogonal convergence velocity and sediment thickness

at trench.
¢ GOC: Gulf of Cadiz
Sediment thickness in the eastern gulf.

¢ WMR: Western Mediterranean Ridge.

mud volcanoes.

2.5 Conclusion

Nearly all offshore mud volcanoes that have been discovered appear to be polygenetic,
suggesting that they are efficient conduits for subseafloor material cycling. The mean
individual volume of episodic massive mud eruptions from pie-type mud volcanoes (a
mean surface slope of < 5°) is several orders of magnitude larger than the one from cone-
type mud volcanoes (a mean surface slope of > 10°). The frequency of pie-type mud
volcanoes in accretionary margins characterized by high fluxes of incoming sediment is

likely due to their role as an efficient escape mechanism for large quantities of fluidized
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and gas-saturated sediments from deep depths to the seafloor. This study has shed new
light on the long-debated issue of the roles of submarine mud volcanism on subseafloor

material cycling and fluid migration.

2.6 Connection to other chapters

This chapter will be summarized as: (1) compiled data of submarine mud volcanoes shed
new light on their dynamics, (2) the shape of the mud volcano depends on feeding conduit
width and erupted volume, and (3) the frequency of pie-type mud volcanoes is associ-
ated with subduction inputs. The linkage between mud eruptions from mud volcanoes
and neighboring seismicity is reviewed in Chapter 1 and discussed in Chapter 3. Back-
ground of ascent mechanism driving massive mud eruptions studied in this chapter is
addressed in Chapter 3. Our knowledge presented in this chapter will be applicable to
paleoseismology with coupling with other event-records including seismogenic turbidites
[e.g., Goldfinger, 2011] and sediment expulsion/mobilization such as pockmarks and as-
sociated mass-transport deposits [e.g., Reusch et al., 2016], which will help improve our
understanding of relation between mud volcanism and earthquakes addressed in Chap-
ter 1. The estimation of eruptional volume, though the first-order estimate is examined

here, also helps assess global methane flux investigated in Chapter 4.



Chapter 3

Ascent mechanism of ejecta from a
submarine mud volcano at the

prism-backstop contact

3.1 Summary

The Eastern Mediterranean seafloor has numerous mud volcanoes, most of which form
a well-defined belt within the Mediterranean Ridge (MedRidge) accretionary complex.
However, mud volcano fields in the western MedRidge are less well known as those in
the central and eastern MedRidge. This study investigates material cycling and fluid
migration within the western MedRidge. We propose a possible ascent style of the ejecta
forming the Médée-Hakuho Mud Volcano (MHMYV) in the western MedRidge by applying
the vitrinite reflectance technique to ejecta samples. First, we model the 2-D thermal
structure in the western MedRidge, taking into account frictional heating on the plate
interface, to help estimate the source depth of the MHMYV ejecta. The result suggests an
effective coefficient of friction of around 0.01, and a temperature of about 1604+ 15°C along
the plate interface at a distance of ~180 km from the deformation front, the location of the
seaward toe of the Aegean backstop. Second, we evaluate the source depth of the MHMV
ejecta using vitrinite reflectance in conjunction with the modeled thermal structure. The

results suggest that the ejecta matrix showing vitrinite reflectance values of ~0.6% was

53
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subjected to a temperature of around 85°C, corresponding to a depth of approximately 5
km below the seafloor (kmbsf), whereas older clasts of Aptian or earlier age, with vitrinite
reflectance values of ~0.6-1.0%, are derived from much deeper depths. Most of the clasts
are considered to have been lifted to the depth of 5 kmbsf as a result of underplating at the
toe of a rigid backstop that had developed below MHMYV after underthrusting related to
plate subduction. At that depth, fluid pressures that are dramatically increased because
of underplating promote the ascent of fluid-rich sediments and entrain clasts along an

existing fault in the accretionary wedge.

3.2 Introduction

Fluids in subduction zones that are derived from the incoming plate may move out of
the overriding plate to the seafloor by diffusive flows or along structural conduits, or
they may migrate to greater depths where they affect tectonic processes [e.g., Moore and
Vrolijk, 1992; Saffer and Tobin, 2011]. These fluids strongly affect the deformation style
of the overriding plate wedge. In addition, tectonic loading and mineral dehydration
produce fluids within the overriding wedge. The resultant overpressure may have profound
effects on faulting and earthquake mechanics through its influence on effective stress.
Direct observations of overpressure in this setting are rare, as they require deep drilling.
Submarine mud volcanoes are possible paths for migration of overpressured fluids from the
underthrusting section through the wedge to the seafloor. Thus, studies of mud volcanoes
hold promise in tracing the spatial distribution of overpressure within accretionary wedges.

Submarine mud volcanoes are plentiful at almost all subduction margins, but the
relationship between mud volcanism and underlying tectonics is obscure [Kopf, 2002].
They have various geometries, with diameters of up to tens of kilometers and heights
of up to several hundreds of meters. The eastern Mediterranean Sea is noted for its
extensive field of mud volcanoes, which display many examples of various morphologies
le.g., Camerlenghi et al., 1995; Hieke et al., 1996; Huguen et al., 2004; Lykousis et al.,
2009] and form a well-defined belt on the seafloor [Limonov et al., 1996]. Mud volcanoes
can be viewed as natural tectonic conduits that bring up deep materials to the seafloor

and may be useful setting for exploring fluid migration processes.
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This study investigates the formation of Médée-Hakuho Mud Volcano (MHMYV), par-
ticularly how the ejecta composing it ascended from depth, in order to gain information
that cannot be derived from seismic images such as the processes of material derivation at
depths and their upward migration. Samples were obtained during a Japanese and Euro-
pean collaborative research cruise in 2007. MHMYV lies above the contact between an ac-
cretionary prism and a tectonic backstop in the western Mediterranean Ridge (MedRidge)
accretionary complex. This area has received relatively little attention, whereas the central
and eastern MedRidge have been heavily investigated by Ocean Drilling Project (ODP)
surveys and other European projects. We first calculate a model of thermal structure
across the western MedRidge, and then use vitrinite reflectance data from the MHMV

samples to infer the source and path of its ejecta in light of the thermal model.

3.3 Geological setting

3.3.1 Western Mediterranean Ridge

The eastern Mediterranean is one of the most rapidly deforming regions on Earth [e.g.,
McKenzie, 1972, 1978; Reilinger et al., 2006]. Plate kinematics in this region includes
Arabian-Eurasian oblique motion, the Hellenic subduction processes, and Nubian-Eurasian
convergence. The MedRidge is a large, arcuate sedimentary wedge more than 1500 km
long and 300 km wide [e.g., Emery et al., 1966; Le Pichon et al., 1982; Fusi and Kenyon,
1996; Kopf et al., 2003] in the eastern Mediterranean from southwest of the Peloponnesus
to south of Rhodes. The development of the MedRidge results from 3 to 4 cm/yr sub-
duction of the Nubian plate beneath the Aegean Sea along the Hellenic trenches south of
mainland Greece and the island of Crete [e.g., Le Pichon et al., 1995; McClusky et al.,
2000; Kreemer and Chamot-Rooke, 2004]. The crust of the incoming Nubian plate in the
western MedRidge is believed to be oceanic as suggested by high-resolution seismic im-
ages in the western Hellenic subduction zone [Pearce et al., 2012] and forward magnetic
modeling in the Ionian Basin [Speranza et al., 2012]. Seismic reflection and refraction
surveys and seafloor sampling show that the MedRidge consists of offscraped and stacked

sediment units of late Mesozoic and Cenozoic age with a net thickness of up to 12 km
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[e.g., de Voogd et al., 1992; Chaumillon and Mascle, 1997]. The MedRidge is bounded
on the north by a seaward (southwest) dipping continental backstop acting as a strong
buttress of complex shape, which probably consists of highly indurated sediment of the
Hellenic nappes with high seismic velocity [e.g., Truffert et al., 1993; Lallement et al.,
1994; Le Pichon et al., 2002]. The ridge includes Messinian evaporitic sequences, locally 2
km thick, a few hundred meters beneath the seabed [e.g., Chaumillon et al., 1996; Polonia

et al., 2002].

The presence of Messinian evaporite sequences has a profound influence on deformation
mechanisms, style of folding, and fluid overpressuring in the accretionary wedge [e.g.,
Davis and Engelder, 1985]. The MedRidge is unusual in having a very small taper angle,
indicative of very low shear stress on its basal décollement that is likely related to the
presence of highly ductile evaporite minerals such as halite [e.g., Chaumillon and Mascle,
1997; Polonia et al., 2002]. This setting favors the outward growth of the wedge over
uplift, and the MedRidge is considered the fastest growing wedge with a rate of >10
km/Myr [Kastens, 1991; Kopf et al., 2003]. Numerical simulations show that the great
thickness and low permeability of the incoming sediment produces high pore pressures
consistent with the taper wedge geometry [e.g., Saffer and Bekins, 2006]. The MedRidge
has received up to ~7 km of incoming sediment [ Chamot-Rooke et al., 2005b] and is similar
in this respect to the Makran margin [Kopp et al., 2000]. The thick and low-permeability
sediment combined with the even less permeable Messinian evaporites retards fluid escape,
enhances fluid overpressure on the décollement, and elevates pore pressures in the whole
wedge. These factors make the MedRidge an atypical accretionary prism, even compared
to other accretionary types with similar taper angles or thickness of incoming sediment
[e.g., Clift and Vannucchi, 2004]. These conditions also help give the region the world’s
greatest abundance of mud volcanoes (Figure 3.1). Ryan et al. [1982] were first to ascribe
the mud volcanism in the eastern Mediterranean to mud extrusion from an accretionary
prism, triggered by a combination of high pore pressure and deformation caused by tectonic
compressional stress. Mud volcanism in the eastern Mediterranean is localized on the

MedRidge, forming the Mediterranean Ridge mud diapiric belt [Limonov et al., 1996].

In the western MedRidge, high seismic reflectivity and subcircular patches of mud
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Figure 3.1: Mud fields in the eastern Mediterranean Sea [Rabaute and Chamot-Rooke,
2007]. Morpho-structural interpretations follow Chamot-Rooke et al. [2005b]. The larger
star indicates the Médée mud volcano field, investigated in this study.

volcanoes demarcate a discontinuous belt extending 550 km from the Pan di Zucchero
to Kephalonia mud volcano fields [Chamot-Rooke et al., 2005a]. These features are lo-
cated above the wedge-backstop contact and hence are considered to be associated with
active strike-slip faults. Mud volcanoes of all sizes occur here, more than 95% of them
located near the wedge-backstop contact and the rest scattered over the prism [Chamot-
Rooke et al., 2005a; Rabaute and Chamot-Rooke, 2007]. Because of the role of Messinian
evaporitic sequences in preventing extrusion of overpressured sediments at depth to the
seafloor, mud volcanoes are thought to concentrate where the evaporite layer is absent or
thin [Camerlenghi et al., 1995], such as where major strike-slip faults provide pathways

for upward migration of fluid and material.

3.3.2 Meédée-Hakuho Mud Volcano (MHMYV)

During the PENELOPE Cruise above the western MedRidge of January—February 2007

(KH-06-4 Leg 6 survey of R/V Hakuho-Maru), detailed seafloor mapping and pinpoint
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Figure 3.2: Bathymetry of the Médée region, acquired during the PENELOPE Cruise at
a survey speed of 10-12 knots using a SeaBeam?2120 multibeam echosounder operated at
20 kHz on R/V Hakuho-Maru. The transducers had a normal opening of 1° along track
and 1° across track. Swath width was 120° for almost all survey lines. MHMYV stands for
Médée-Hakuho Mud Volcano.

piston coring were done at the newly discovered Médée brine lake and MHMYV to its west
(Figure 3.2). Coring was done with the Navigable Sampling System (NSS), a remotely
operated vehicle (ROV) developed at the Atmosphere and Ocean Research Institute, Uni-
versity of Tokyo [e.g., Ashi et al., 2012, 2014], along with simultaneous seafloor obser-
vations. This mud volcano was first recognized during the Médée Cruise in 1995 on the
basis of its distinct backscatter intensity [e.g., Rabaute et al., 2003]. Rabaute and Chamot-
Rooke [2007] reported that an area as large as 76 km? of extruded mud, as determined
from seabed reflectivity, surrounds MHMV. The mud volcano stands near the backstop
boundary at a water depth of 2260 m, has an oval shape in plan view measuring 4.9 x 6.7
km and reaches 130 m in height with very gentle slopes (Figure 3.2). A small cone or
gryphon protrudes from its flank, probably resulting from a splay of the main conduit.

Living tubeworms and bacterial mats were seen in video observations using the ROV NSS.
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Figure 3.3: Locations of piston cores NSS-PC02 and NSS-PC03, and screenshots of payload
and seafloor observation from ROV NSS. Sampling positions of the cores are summarized
in Table 3.1.

MHMYV is interpreted as recently active from the presence of gravel in the cores and its
strong backscatter. ROV NSS observations of gravel near its summit (Figure 3.3) support
this conclusion. The reflectivity data obtained during the Médée Cruise in 1995 suggest
that MHMV has been active at least once during the past ~30 kyr [Chamot-Rooke et al.,
2005a].

In the MedRidge, brine lakes ponded in depressions are thought to have been generated
by backthrust fractures serving as conduits for salt or brines to reach the seafloor [ Wood-
side and Vogin, 1996]. Their relation to mud volcanoes is not yet certain. The Médée
brine lakes, lying on the hinterland side of the backstop boundary thrust near MHMV

(Figure 3.2), reach temperatures of 15°C and salinities >300 PSU [Akoumianaki et al.,
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Table 3.1: Sampling positions of NSS-PC02 and NSS-PCO03 cores.

Cores Longitude Latitude Water depth
NSS-PC02 22°11.0 E 34°23.8° N 2134 m
NSS-PC03 22°11.0 E 34°23.9° N 2126 m

2012; Yakimov et al., 2013] similar to those of the nearby Bannock Basin brine lake in
the western MedRidge [Corselli and Aghib, 1987; Camerlenghi and McCoy, 1990]. The
Médée brine lakes are thought to have formed where hypersaline water from the disso-
lution of Messinian evaporites ascended accompanied by slip on the backstop boundary
thrust [Tokuyama et al., 2007; Izumitani et al., 2009]. It is likely that the ejecta forming

MHMYV and this hypersaline water share common flow paths and histories.

3.4 Materials and methods

3.4.1 Samples of MHMV

Ejecta samples from MHMYV were obtained by pinpoint piston coring at the summit (NSS-
PC03) and on its flank (NSS-PC02) (Figure 3.3, Table 3.1). The mud breccia from MHMV
is composed of pebble-sized consolidated and semiconsolidated silty mud clasts in a grayish
olive stiff sandy silt matrix (Massive Al in the classification of Camerlenghi and Pini
[2009]). The ejecta thus may represent the coarser and more poorly sorted portion of a
debris flow. The matrix commonly includes grains a few millimeters in diameter. Clast
lithologies are dominated by shale and mudstone, with minor limestone, conglomerate,
sandstone and calcarenite, and alkali basalt (Figure B.3). Many shale and mudstone
clasts are calcareous or contain veins of coarse sparry calcite. Several mudstone clasts
contain microfaults or veins. Most clasts are well consolidated. We focused on clasts
larger than 1 cm in diameter because they yielded useful petrographic data, especially for
measurement of vitrinite reflectance.

We found no obvious variations in clast abundance in cores NSS-PC02 and NSS-PC03.

The maximum diameters of the clasts have a scattered distribution between 11 and 62 mm,
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which is obviously limited to 80 mm owing to the diameter of the core liner. Volumetric
abundances of consolidated or semiconsolidated clasts are ~11% and ~13% in cores NSS-
PC02 and NSS-PCO03, respectively. Although some of the smallest clasts must have gone
uncounted by visual inspection, these would not materially affect our estimation of the
volumetric abundance. The density of clasts was measured primarily by volumetric means
using a gas displacement density analyzer (Accupyc 1330, Micromeritics Co., Ltd.). The
values of shale and mudstone clasts have considerable scatter around 2.7 x 103 kg/m? and
show no trend with depth but tend to have higher densities than ordinary sedimentary
rocks, suggesting that these clasts underwent high pressures and hence were indurated or
probably fully dewatered. The lack of sorting in the depth profiles of clast size and density

is consistent with the debris-flow deposition style of MHMYV.

Nannofossils in most of the clasts indicate an age range from Late Jurassic to Early
Cretaceous, and no Cenozoic species were found (Table B.1). For example, Sample #C032
(siltstone) contains assemblages of Aptian age as suggested by the occurrence of Micran-
tholithus hoschulzit and Rucinolithus irreqularis. This occurrence is also observed in a
clast from Aros mud volcano in the Cobblestone mud field [e.g., Premoli Silva et al.,
1996]. Samples #C045, #C093, and #C098 (siltstones) contain the assemblages of Nan-
noconus spp. (narrow canal), Nannoconus colomii, and Nannoconus steinmannii that are
indicative of Berriasian-Barremian ages. Preservation of the nannofloras in the clasts was
poor to moderate. Nannofossils in the matrix are of Late Jurassic to Cretaceous as well as
middle Miocene age (Table B.2). The MHMYV ejecta thus include older nannofossils than
those found in the Cobblestone and Pan di Zucchero mud volcano fields in the western
MedRidge or in the Olimpi mud volcano field in the central MedRidge [e.g., Premoli Silva
et al., 1996; Robertson and Ocean Drilling Program Leg 160 Scientific Party, 1996].

3.4.2 Vitrinite reflectance

Vitrinite, a type of coal maceral, increases systematically in reflectance through the de-
composition of organic material and has found widespread use in oil and gas exploration.
Because vitrinite reflectance is highly sensitive to peak temperature and duration of heat-

ing and is unaffected by retrograde reactions, it has been used as a geothermometer to
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constrain the signature of frictional heating within natural fault zones [e.g., Bustin, 1983;
O’Hara, 2004; Sakaguchi et al., 2007, 2011] and in laboratory shear experiments [e.g.,
O’Hara et al., 2006; Kitamura et al., 2012] as well as to estimate received maximum tem-
peratures in accretionary prisms [e.g., Ohmori et al., 1997]. Vitrinite reflectance has also
been used to investigate maximum temperatures of mud volcano ejecta [e.g., Schulz et al.,
1997; Kopf et al., 2000; Muraoka et al., 2011]. Most of these studies, however, have notable
uncertainties in the derived thermal histories of ejecta, partly because the thermal struc-
ture below the seafloor for an inverse calculation of maximum temperature from vitrinite
reflectance is not well determined. In order to obtain consistent temperature informa-
tion for estimating time-temperature paths, we calculated a model of the current thermal

structure in the target domain as described in the next Section.

Vitrinite reflectance Ro is calculated by an empirical relationship that is calibrated

using the H/C and O/C atomic ratios of coals:

Ro = Ro%exp(3.7F), (3.1)

where RoV is the vitrinite reflectance at the surface (assumed to be 0.20%) and F is the
overall extent of parallel chemical reactions driving off of H, C and O in the form of HyO,
COg and CH,, [Sweeney and Burnham, 1990]. Values of Ro from vitrinite macerals within
a clast represent the degree of thermal maturation resulting from its time-temperature
history. Using this kinetic model, vitrinite reflectances in the range of 0.3-4.5% and
for heating rates in the range of 107'° to 107® K/s can be precisely calibrated, which
covers most geologic situations except for the case of rapid slip generating large frictional
heating. In the case of our matrix samples from MHMYV we used the empirical relationship
of Barker and Pawlewicz [1986] based on more than 600 data pairs of Ro and maximum
temperature Ty,ay, because the wide age range of the matrix shown by nannofossil analysis
precludes using the kinetic model of Sweeney and Burnham [1990]. The relationship

between Ro and Ti,.x is expressed as

In(Ro) = 0.0078 X Thax — 1.2. (3.2)
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Barker and Goldstein [1990] suggested that maximum temperature experienced, rather
than the time at that temperature, is the major control on thermal maturation within
general problems based on the relationship similar to Barker and Pawlewicz [1986]. Thus,
the maximum temperature of the matrix can be closely constrained even though its thermal
history is indeterminate.

In this study, vitrinite reflectance was measured using a Vitrinite Reflectance Mi-
croscope Analyzer [Sakaguchi et al., 2011; Sakaguchi and Mukoyoshi, 2012]. To avoid
excessive heating in the laboratory, care was taken during all drying and polishing proce-
dures not to exceed 40°C. Most clast samples measured in this study have small numbers of
vitrinite particles, so the random mean vitrinite reflectance (Ro) was obtained by measure-
ment of as many vitrinite particles as possible in the selected slab. The measured vitrinite
particles were well characterized under the optical microscope, and inertinite and vitrinite
group macerals were readily distinguished under surface scanning [e.g., Sakaguchi et al.,
2007] (Figure B.4). Some reworked coal fragments were observed in matrix and clasts;
they have round or trapezoidal shapes as well as high reflectance. These were used to
determine vitrinite reflectance. The coexistence of partly bituminized coal and low-grade
brown coal indicates that the material had not experienced diagenetic gelification.

Vitrinite reflectance is subject to error for individual particles, because vitrinite is an
anisotropic and bireflectant material, and the system used in this study cannot be used
to investigate polarization anisotropy. Our reflectance data therefore may have errors
within +0.01% if Ro < 2.0% as the magnitude of the anisotropy is generally influenced by

sediment compaction and increases at higher Ro.

3.4.3 Thermal model

We use 2-D finite element code developed by Wang et al. [1995] to develop a steady-
state thermal model for the western MedRidge along the MEDRIFF corridor (Figure 3.1)
constrained by some heat flow measurements |[Erickson, 1970; Della Vedova et al., 2003].
The steady-state approximation is reasonable because the thermal state of the very old
subducting plate is not expected to change with time significantly and because the over-

riding plate is less than 15 km thick and accordingly has a thermal time constant of less
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than two million years. Even at the Nankai subduction zone where the age of the young
incoming plate changes with time, the difference between temperature regimes predicted
by time-dependent and steady state models is very small [Wang et al., 1995]. The model

is based on the following heat transfer equation:

V- (kVT) = pev - VT + Q = 0, (3.3)

where T' is temperature, k is the thermal conductivity, pc is volumetric thermal capacity,
v is velocity, and @ is the heat production which includes heat generated by radiogenic
elements and in the rock volume and by frictional heating along the plate interface. The

velocity v is nonzero only in the part of the model that represents the subducting plate.

The structure and mesh of our model are illustrated in Figure 3.4. One of the main
controls on the thermal regime is provided by the thermal state of the incoming Nubia
plate, prescribed as temperatures along the seaward vertical boundary of the model. As
is well known from modern heat flow observations that for plates older than about 80
Ma, heat flow no longer decreases with increasing plate age, and the geotherms of very old
plates can be modeled using a model of steady-state one-dimensional (1D) heat conduction
in a 95 km thick lithosphere with a basal temperature of 1450°C [Stein and Stein, 1992].
Because the age of the incoming Nubia plate is as old as 200-250 Ma, as inferred from the
synthetic isochron model of [Miiller et al., 2008] and forward magnetic modeling [Speranza
et al., 2012], it is appropriate to use this 1D model to obtain the temperature profile of
our seaward model boundary. However, to account for the presence of thick evaporitic
layers overlying the incoming plate, we include a lower thermal conductivity (2 W/m/K)
layer on top of the higher-conductivity (3 W/m/K) plate. The blanketing effect of this
low-conductivity sedimentary layer makes the plate slightly warmer. Because the recent
sedimentation rate is relatively low, the transient cooling effect of sediment deposition
[e.g., Wang and Davis, 1992] can be ignored. The horizontal heat flow across the landward
boundary is assumed to be zero. The upper boundary is assigned the seafloor temperature
at its recent value of 14 +2°C on the basis of temperature observations [e.g., Emeis et al.,
1996; Della Vedova et al., 2003]. Because the geotherms of the seaward boundary is

efficiently advected through the horizontal length of the model domain by the slab, model
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Figure 3.4: Finite element mesh and geological structure of the thermal structure model.
Each roughly rectangular element shown has either nodes, with one on each corner and one
in the middle of each side of the element. Thermal parameters for each shown lithological
units are given in Table 3.2.

results are not sensitive to the boundary condition (temperature 1450°C) assigned to the
bottom of the 95 km thick slab.

The finite element mesh of our model extends from 20 km seaward to 320 km landward
of the deformation front (Figure 3.4). The mesh geometry was constrained by multichannel
seismic reflection and refraction surveys as well as cross-section interpretation along the
MEDRIFF and IMERSE (International Mediterranean Ridge Seismic Experiment) corri-
dor [Fruehn et al., 2002; Reston et al., 2002a, b; Westbrook and Reston, 2002]. The mesh
contains 3196 eight-node elements (9819 nodes) in 48 rows and 69 columns. The overrid-
ing plate part contained 15 rows of elements, and the subducting sediment and oceanic

lithosphere part contained 33 rows of elements. The margin mesh consists of eight layers
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Table 3.2: Thermal parameters used in this study.

Layer Lithology Thermal RHP Thermal

Conductivity @ (uW/m?) Capacity
k (W/m/K) pc (MJ/m?/K)

1 Upper sediments 1.0 157 2.5¢

2 Accretionary wedge 1.9° 1.5f 2.5¢

3 Subcreted sediments 2.20 1.57 2.5¢

4 Lower compacted sediments 2.5b 1.5f 2.5°¢

5 Aptian shales/Older Mesozoic 3.0° 2.09 2.5¢

6 Oceanic lithosphere 2.9¢ 0.02°¢ 3.3¢

7 Messinian evaporates 5.0¢ 0.01 2.5

8  Backstop 2.8¢ 1.87 2.5¢

@ Della Vedova et al. [2003].

b Beardsmore and Cull [2001]; Clauser and Huenges [1995]; Turcotte et al. [1978].

¢ Heasler and Surdam [1985]; Hyndman et al. [1995]; Van den Beukel and Wortel [1988].
4 Wheildon et al. [1974].

¢ Barker [1996]; Drury [1986]; Roy et al. [1981].

f Hyndman et al. [1995); Yamaguchi et al. [2001].

9 Hyndman et al. [1995]; Pasquale et al. [2001]; Taira et al. [1991].

h Miyake et al. [1975)].

following the cross-section interpretation along the MEDRIFF /IMERSE corridor: (1) up-
permost sediment layer; (2) pre-Messinian accretionary wedge; (3) underplated sediment;
(4) pre-Messinian Tertiary sediment, post-Aptian Cretaceous sediment and lower com-
pacted sediment; (5) subducting Aptian shale and older Mesozoic sediment; (6) oceanic
lithosphere; (7) Messinian evaporite layer; and (8) backstop segments. Each model ele-
ment was assigned a uniform thermal conductivity, heat capacity, and radioactive heat
production (RHP) rate (Table 3.2). Parameter values listed in Table 3.2 are based on

several previous studies (see Section B.1).

3.5 Results

3.5.1 Vitrinite reflectance and estimate peak temperatures

We measured vitrinite reflectances in 49 clast samples and 12 matrix samples. These
results are plotted in Figure 3.5 and summarized in Tables B.3 and B.4. The mean Ro of

random matrix samples ranged from 0.5% to 0.7%, and the Ro values of clast samples are



3.5. Results 67

scattered from 0.35% to 1.29%. Whereas shale samples have Ro values of 0.59 & 0.15%,
which are close to those of matrix samples, other mudstone samples have relatively high
Ro values of 1.04 £ 0.15%.

The distribution of vitrinite reflectance within matrix samples shows a unimodal pat-
tern with a mean of 0.5-0.7% and a few higher values (Figure 3.5c). Clast samples with
Ro > 1.0% imply that vitrinite from high-Ro matrix (Ro > 0.8%) in the histograms
was mostly not reworked. The mixture of lower-value peaks with high-reflectance outliers
suggests that the matrix ascended with fluid-rich mud incorporating deeper materials or
terrigenous sediment with high reflectance. Because the matrix samples from MHMYV have
a wide age range, from Berriasian to Miocene, it is infeasible to obtain a reasonable ther-
mal history with the kinetic model of Sweeney and Burnham [1990]. Hence, we prefer the
empirical relationship of Barker and Pawlewicz [1986] for matrix samples (equation 3.2).
Given that Ro values of the matrix were 0.5-0.7%, the peak temperature Ty, value of
matrix was calculated to be 65-108°C.

Clasts have a wide range of vitrinite reflectance, suggesting a variety of thermal his-
tories. Thus we simulated T}, values from time-temperature paths based on the kinetic
formulation of Sweeney and Burnham [1990] to quantify the effects of different scenarios
of temperature increase. Here, our time simulations were based on the assumption of
subduction under steady sate plate motion of 40 mm/yr, because the Nubian-Aegean con-
vergence rate is estimated to have been 30-40 mm/yr since 13 Ma [e.g., Le Pichon et al.,
1995]. Other detailed scheme and descriptions are found in Section B.2. These assump-
tions result in almost the same values of T},,,x for a given Ro value in our model. The Ro
values of shale yielding 0.44%, 0.59%, and 0.74% resulted in the Ty, values of 82 + 4°C,
108 £3°C, and 134+ 3°C, respectively. The Ro values of other mudstone including 0.89%,
1.04%, and 1.19% resulted in the Ty values of 153 4+ 3°C, 164 4 3°C, and 173 4+ 3°C,

respectively.

3.5.2 2-D Thermal structure

The largest sources of uncertainties in the thermal model are from the plate convergence

rate, effective coefficient of friction (x'), and RHP rate. We tested model sensitivity to
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Table 3.3: Sensitivity tests and their results in terms of maximum difference in calculated
surface heat flow and temperature along the plate interface.

Parameter Heat Flow Plate Temp.*
@' (0.00-0.05) 10 mW /m? 32 K
RHP rate (1.0-3.0 W /m?) 11 mW/m? 13 K
Plate velocity (10-50 mm/yr) 7 mW/m? 34 K

* At 200 km landward of deformation front.

these parameters by imposing reasonable variations as listed in Table 3.3. When one of
the parameters was varied for testing purpose, all other parameters remained unchanged
(Figure 3.6). In our sensitivity check for y/, the calculated surface heat flow fluctuated
by up to 10 mW/m? between g/ = 0.00 and g/ = 0.05. In the case of the RHP rate,
maximum uncertainties in calculated surface heat flow and temperature along the plate
interface about 200 km from the deformation front were less than 11 mW/m? and 13 K,
respectively. The sensitivity test yielded only minor differences with varying plate velocity,
such that the lack of a very reliably determined subduction rate of the MedRidge is not of
major concern for the purpose of this work (Table 3.3). The minor differences in thermal
structures at different plate convergence velocities would be derived from small vertical
convection due to the low taper angle of the wedge.

Based on the estimated heat flow and heat-flow observations from MEDRIFF and other
projects [Erickson, 1970; Della Vedova et al., 2003], the effective coefficient of friction p is
no more than 0.01 or 0.02. The relation between p’ and the intrinsic friction coefficient of
the fault p is p/ = p(1 — ), where X is the ratio of pore fluid pressure along the fault and
normal stress, approximately the lithostatic pressure for the shallowly dipping subduction
fault. Thus, based on commonly used intrinsic rock friction values [e.g., Byerlee, 1978],
fluid pressure on the plate interface appears to be more than 95% of lithostatic. If the
intrinsic friction coefficient is lower because of weak fault gouge, the fluid pressure should
be correspondingly lower.

The modeled thermal regime cannot be constrained by heat flows derived from bottom-
simulating reflectors (BSRs). Unlike the Nankai Trough [e.g., Yamano et al., 1982; Ashi

et al., 2002], BSRs are mostly absent in the MedRidge partly because of the presence of
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Figure 3.6: (Preceding page.) (a) Calculated surface heat flow profiles along the
MEDRIFF/IMERSE corridor in the western MedRidge (location in Figure 3.1) for differ-
ent values of the effective friction coefficient (' = 0.00 to 0.05) but fixed RHP rate of 1.5
pW/m? at layers 1-4 and subduction rate v = 40 mm/yr. Rectangular symbols show ob-
served heat flow data along the corridor [Erickson, 1970; Della Vedova et al., 2003], which
contain very large uncertainties as discussed in the text. (b) Calculated surface heat flow
profiles for different values of subduction rate (v = 10 to 50 mm/yr) but fixed effective
coefficient of friction i/ = 0.01 and RHP rate of 1.5 W /m? at layers 1-4. (c) Calculated
surface heat flow profiles for different values of the RHP rate at layers 1-4 (1.0 to 3.0
pW/m3) but with other parameters fixed at the values in Table 3.2. (d) Two-dimensional
thermal structure along the MEDRIFF /IMERSE corridor based on the parameter settings
summarized in Table 3.2 and using an effective coefficient of friction ' = 0.01 and a plate
convergence v = 40 mm/yr. The broken line represents the plate interface. The ranges of
estimated peak temperatures of shale and other mudstone samples are also presented.

rather impermeable Messinian evaporites [e.g., Camerlenghi and Pini, 2009]. Assessing
the reliability of the modeled thermal structure is hampered by the large uncertainty of
the observed heat-flow data and the absence of BSRs. We assigned an uncertainty of
< 15°C to the temperature along the plate interface within 200 km of the deformation
front. We then used the thermal structure shown in Figure 3.6 to explore the possible

ascent mechanisms of MHMYV based on the results of vitrinite reflectance.

3.6 Discussion

3.6.1 Does the extrusion of MHMYV demonstrate underplating at the

wedge-backstop contact?

In the central MedRidge, several studies have used vitrinite reflectance of mud volcano
ejecta to investigate the source depths of the ejecta. Schulz et al. [1997] used vitrinite
reflectance data from Napoli dome in the Olimpi mud field to suggest derivation from
the depth of the décollement zone and its surroundings at 4.9-7.5 km below the seafloor
(kmbsf). Kopf et al. [2000] assigned a depth of ~2 km to the source of Milano mud volcano
in the Olimpi field on the basis of low vitrinite reflectance values indicating that both clasts
and matrix were not subjected to elevated temperature. These ejecta ranged in age from

late Pliocene to late Pleistocene and were mixed with Miocene sediments that probably
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originated from upper sedimentary sequences or pre-Messinian parts of the accretionary
wedge. In the western MedRidge, Ryan et al. [1982] assigned the origin of mud volcanism
in the Cobblestone field (Figure 3.1) to the expulsion of mud from the downgoing slab

through an accretionary complex.

Early Cretaceous mudstone clasts in MHMYV ejecta had higher Ro values (1.044+0.15%)
than matrix samples, whereas shale clasts of Aptian age had Ro values (0.59 + 0.15%)
similar to the matrix. Several proposed thermal histories of shale and other pre-Aptian
mudstones, based on simple estimation by kinetic simulations tested in Section 3.5.1, sug-
gest that these clasts experienced higher temperatures than the matrix and hence were
buried deeper before their ascent to the seafloor. On the other hand, the Ro values from
matrix samples had a wide range and unimodal distributions with a lower average, con-
sistent with generation in a fluid-rich environment within the accretionary wedge. Given
that the matrix from MHMYV ejecta experienced peak temperatures of 65-108°C based
on the empirical relationship, the source of fluid-rich mud ejecta is probably from the
corresponding depth of about 5 kmbsf (the error range is 3.3-5.9 kmbsf) at the distance
of 150-180 km from the deformation front, based on the thermal structure (Figure 3.6d).
These considerations are relevant to the question of where the fluids originated in sufficient

volume to mobilize the ejecta of MHMYV.

The presence of Aptian shale underlain by post-Aptian sediment in an accretionary
complex has been explained as the result of underthrusting above oceanic crust in the
western MedRidge [Reston et al., 2002a]. Peak temperatures Ty,ax experienced by the
Aptian shale (108 + 30°C) approximately correspond to temperatures around the depth
of the present dcollement or ~1-2 km above the décollement at the distance of 150-180
km from the deformation front in our thermal structure (Figure 3.6d). Sediments there
should be undergoing dehydration and yielding fluids, as in other subduction zones [e.g.,
Bethke, 1986; Moore and Vrolijk, 1992; Bekins et al., 1994], and likely causing a fluid-rich
condition. Considering the relatively high basal friction at the interface beneath MHMYV,
this subducting shale was presumably offscraped by the backstop buttress accompanying
duplex formation and consequently uplifted by massive underplating beneath the accre-

tionary wedge. Previous experiments [Gutscher et al., 1996, 1998; Kukowski et al., 2002]



3.6. Discussion 73

have suggested that the formation of basal duplexes beneath the buttress followed by a
step up from a décollement can be observed, and these conditions are satisfied near the
crest of the MedRidge. Our study suggests that the pre-Aptian mudstone and limestone
were underplated from underthrusting sediments or were detached from the indurated
crystalline backstop, which is likely composed of indurated limestone and a flysch series
le.g., Le Pichon et al., 2002]. The high densities of the clasts from MHMYV are consistent
with this scenario, as accretion of material to the underside of the wedge by underplating
gives rise to higher pressure conditions. Moreover, underplating of the prism may con-
tribute to structural thickening and uplift of the accretionary complex on the MedRidge
crest and consequently contribute to slope steepening toward a critical taper angle [e.g.,

Davis et al., 1983].

3.6.2 Was the ascent of MHMYV ejecta diapiric?

Mud volcanism is typified by several types of mud ascent, including diapiric ascent, conduit
ascent (i.e. through existing openings), and hydrofracture ascent [e.g., Kopf, 2002], but
few studies have addressed this topic. If ascent took place through hydrofractures, for
example, these features will be young or are held open by fluid replenishment from depth.
In this section we evaluate the possibility that MHMYV ejecta ascended as diapirs from
the depth of ~5 kmbsf. We assume that the fluids of interest are homogeneous in each of
two fluid domains: a mud chamber and the surrounding accretionary wedge (Figure 3.7).
Assuming Stokes flow, the velocity of flow (upward or downward) is proportional to the
density difference between different fluid domains, the square of radius and the reciprocal
of viscosity. The condition for a diapir to rise faster than the clasts in it can settle,

assuming Stokes law behavior, can be described as

Va/Var = (ra/r21)*(Apa/Apat) (Nhme/Map) > 1, (3.4)

where Vj is the absolute ascent velocity of the diapir, r4 is the radius of the diapir, V;
is the absolute settling velocity of a clast, r,; is the radius of a clast, Apy is the density
difference between the diapir and the accretionary prism, Ap,; is the density difference

between a clast and the mud chamber, and the ratio 7,./7qp is the viscosity of the mud
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Figure 3.7: Schematic illustration of mud diapir (see text).

chamber relative to that of the accretionary prism (Figure 3.7). This formulation is a
modified version of treatment of diapiric ascent occurring in the mantle [Anderson, 1981].
Here Corey’s shape factor (CSF) [Corey, 1949] is not considered because the CSF's of all
MHMYV ejecta cannot be determined, although settling or ascent velocity is influenced by
the shape and roundness of the particles as well as the density and viscosity of the fluid

[e.g., Dietrich, 1982; Jiménez and Madsen, 2003].

Kopf and Behrmann [2000] estimated representative feeder diameters for mud diapirs
in the central MedRidge of 2-3 m using Stokes law into Milano mud volcano (body slope
~5°) and Napoli mud dome (~6°) (slope values from Camerlenghi et al. [1995]). However,
Kopf [2002] considered that the feeder of a mud volcano with a gentler slope, such as
MHMYV (~3°), would be slightly wider. The density differences involved are comparable,
whether they are between the diapir and the accretionary prism or between clasts and the
diapir. The ejecta from MHMYV suspended clasts up to 62 mm in diameter (see Section

3.4.1). Thus, taking a diapir radius rq = 10 m, r,; = 3 cm, and Apy/Apy ~ 1, we have
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Nap/Nme < 1.2 X 10°. The viscosity of the accretionary prism Nap has been reported to be
10*9-10%! Pa-s based on its geometry and heat flow [e.g., Emerman and Turcotte, 1983;
Platt, 2000], or 1016-10? Pa-s at 200-300°C [Shimizu, 1995]. Assuming 7,, ~ 10'6 Pa-s, a
mud viscosity of 7, > 8.3 x 101° Pa:s is required to suspend rocks and avoid fractionation
of the diapir while it ascends. Viscosity of the mud chamber or diapir 7, is known to be
less than 10°-10° Pa-s [Kopf and Behrmann, 2000; Manga et al., 2009] even though the
water content of a mud diapir is relatively small [Manga et al., 2009; Rudolph and Manga,
2010]. Therefore, the possibility that clasts can ascend in a diapir from a depth of ~5
kmbsf can be confidently rejected because reasonable physical properties cannot satisfy
equation (3.4), whereas an ascent style controlled by diapiric flows or the presence of
gases in the uppermost several hundred meters below the seafloor, where the surrounding

viscosity is sufficiently low, cannot be rejected.

3.6.3 Was the ascent of MHMYV ejecta motivated by faulting after un-

derplating?

Having ruled out the ascent of clasts from ~5 kmbsf in diapirs, we can evaluate the pos-
sibility of ascent in major conduits along faults. The dome-shaped Lich mud volcano,
150 km landward of the deformation front in the central MedRidge, has been found to
overlie an active backthrust at about 500 mbsf in seismic reflection data [e.g., Kopf et al.,
2001]. Core samples from MHMYV show that the ejecta flowed in the style of a debris flow,
and thus its flow dynamics probably followed Herschel-Bulkley behavior [e.g., Manga and
Bonini, 2012] or (yield-)dilatant rheology [e.g., Nguyen and Boger, 1992; Manga et al.,
2009]. Although we have no evidence of active faulting beneath MHMYV | it can be inferred
from bathymetric data that a relatively active backstop thrust coupled with right-lateral
strike-slip lies between MHMYV and Médée brine lake (Figure 3.2). We cannot confirm
that MHMYV ejecta actually ascended through the backthrust, but the highest vitrinite
reflectance values from matrix samples (> 1.3%; Figure 3.5¢) are consistent with frictional
heating during faulting slip [e.g., O’Hara, 2004; Sakaguchi et al., 2007] without contradict-
ing the deep origin of the vitrinite. Thus, we assumed that clasts ascended in fluid-rich

mud accompanied by reactivation of the existing backthrust. The stress ratio at angle
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for frictional reactivation under pore fluid pressure py is given by

o1/oy = [sin 260 + p(cos20 + 1)] /[ sin 26 + p(cos 26 — 1)], (3.5)

where o] and of are the effective maximum and minimum stresses, respectively, and p is
the coefficient of friction [e.g., Sibson, 1985]. In the accreted sequence, the vertical effective
stress o7, is interpreted as the effective minimum stress o%. Given that the backthrust in
the Médée region has a dip of ~10° and that the coefficient of friction u is around 0.4-0.5,

the pore pressure is estimated from

pf:o'v_o';>0'v_aéa (3'6)

where o, indicates vertical confining stress. Note that we assume the differential stress
(0] —0%) to be less than 120 MPa. The corresponding pore pressure would be no less than
80 MPa at depths of ~5 kmbsf within the area where the backthrust developed. When
the backthrust is not moving, its fine-grain fault gouge retards fluid escape and causes
overpressure. Thus, when the fault slips, overpressured mud would bring clasts from
depths as rapidly as >1 m/s to transport the largest clasts to the seafloor [e.g., Manga
and Bonini, 2012]. The fluid responsible for this high pore pressure would originate from
underplating of fluid-rich sediments and the dewatering of backstop rocks as described
above (Figure 3.8). During episodes of fault slip, ejecta migrated through the fault to the
seafloor, possibly behaving as a dilatant fluid. As a result of the rapid deformation at
the depth of the fluid source (~5 kmbsf) intrinsic to compacted granular materials, the

dilatant fluid (i.e. ejecta) became more viscous and thus its mobility increased.

Various studies point to the recent activities of mud eruptions. These studies were
guided by observations of clast-poor, mousy, and very soft mud such as in Napoli mud
volcano of the central MedRidge. In Milano mud volcano in the central MedRidge, early
stages of mud volcano activity produced clast-rich ejecta whereas later stages produced
fine-grained materials [e.g., Robertson and Ocean Drilling Program Leg 160 Scientific
Party, 1996]. These observations are well-explained by a process of cleaning up a fault

conduit by the extrusion of mud breccia in the early stages of the activity. Chamot-Rooke
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Figure 3.8: Schematic illustration of the mechanism of ejecta ascent to MHMV.

et al. [2005a] attributed the strong backscattering seen at MHMYV during the 1995 Médée
Cruise to a recent eruption of mud breccia without hemipelagic cover sediment. But, video
observations around the summit of MHMYV by ROV NSS showed clasts scattered on the
seafloor (Figure 3.3). In addition, cores NSS-PC02 and NSS-PC03 from the summit of
MHMYV contain large clasts in their uppermost 8 cm (Figure B.3). These observations
suggest that the latest massive eruption occurred as late as within the last couple of thou-
sand years, because otherwise the clasts would have time to sink back into the conduit,
given their known settling speed. Moreover, MHMYV is now likely to be in the early stage
of its mud volcanism based on the observed features in the central MedRidge. All in all,
the scenario of fault slip and subsequent mud eruption of MHMV must have occurred

relatively recently. The neighboring Médée brine lake may have formed at the same time.

The Hellenic subduction zone is seismically most active in Europe [e.g., McKenzie,
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1972]. Considering the age of the latest massive mud eruption at MHMV, some well-
known historical M > 8 Crete earthquakes could be the possible triggering events for the
mud eruptions. The MHMYV is located in a distance of < 200 km from the inferred hypocen-
ter of the AD 365 earthquake [e.g., Shaw et al., 2008] and < 500 km from that of the AD
1303 earthquake [e.g., Papadopoulos et al., 2007]. Empirical scaling between the magnitude
and hypocentral distance of the earthquakes that possibly trigger eruptions of mud volca-
noes [Mellors et al., 2007; Manga et al., 2009] allows these earthquakes to be candidates

potentially responsible for triggering the massive eruption of MHMYV.

3.7 Conclusion

In this study, we investigated the source depth and ascent style of the sediment making
up MHMYV, which lies at the wedge-backstop contact in the western MedRidge, using
vitrinite reflectance data, lithology, and biostratigraphy of clasts combined with a thermal
structure model for the western MedRidge.

We propose that MHMV documents underplating around the wedge-backstop contact
above the décollement, because its ejecta contain shale of Aptian age and other older
mudstone clasts with high vitrinite reflectance and strong induration, although some sam-
ples may have been reworked. The vitrinite reflectance data and thermal structure model
suggest that the ejecta came from a source deep enough to have been buried near the
décollement. In our proposed model for MHMYV, the underplated sediment was uplifted
after being offscraped against the backstop, and it consequently produced overpressures
at a depth of about 5 kmbsf and temperatures around 85°C, as suggested by the vitrinite
reflectance values of the ejecta matrix (~0.6%). High pore pressure, arising from fluid
generation by the underplating and compression between the wedge and backstop as well
as mineral dehydration, appears to have subsequently promoted slip on a nearby fault.
Fluid-rich mud and clasts derived from the region of underplating acquire sufficient shear
stress to promote its ascent through the fault conduit during fault slip events. A brine
lake ponded near MHMYV may have accumulated from the ascent of hypersaline water de-
rived from Messinian evaporites in conjunction with slip episodes on the backstop thrust,

consistent with the faulting-motivated ascent of MHMYV ejecta along the backstop thrust
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or parallel thrusts.

We derived a 2-D thermal structure across the western MedRidge. Despite uncer-
tainties due to limited observational constraints, the model serves to compensate for the
paucity of deep drilling data and the poorly known convergence velocity. Although our
thermal structure model can be further improved by future drilling data, the prelimi-
nary results help constrain the thermal regime and advance understanding of the western

MedRidge.

3.8 Connection to other chapters

This chapter will be summarized as: (1) ejecta from a submarine mud volcano in the
Mediterranean Ridge accretionary complex shed new light on ascent mechanism, (2) ther-
mal history of the ejecta is estimated using vitrinite reflectance technique and new 2-D
thermal model, and (3) results suggest two-fold ascent mechanism: underplating and sub-
sequent faulting. This chapter documents fundamental geological constraints on ejecta
ascent of submarine mud volcanoes through massive mud eruptions, and thus is strongly
connected to Chapter 2. Specifically, the results presented in this chapter provides depths
and thermal information of source of large amounts of sediment and fluid, which delineates
dynamic material cycling between the seafloor and deep depths. The ascent mechanism
can be thus utilized as primary constraints on subsurface sediment transfer and fluid mi-
gration through submarine mud volcanism. As will be discussed more in Chapter 4, this
work will served as a tie between ascent mechanism and gas amounts of submarine mud
volcanoes, because the high-speed ascent reprerented here is perhaps linked to the gas
amount in the ejecta path as discussed in this chapter. Major fluid discharge is likely
transfered by ejecta ascent, while the ascent has a variety of its mechanism as presented
in this chapter. This variation may produce a different style of subseafloor fluid transfer
through various ways of mud eruptions from submarine mud volcanoes, which is discussed

in Chapter 5.






Chapter 4

Methane amount inside a

deep-water mud volcano

4.1 Summary

Mud volcanoes are among the largest geological sources releasing hydrocarbon gases. Nu-
merous studies have revealed their origins and compositions within submarine mud vol-
canoes. However, estimates of the amount of gas inside deep-water mud volcanoes have
been challenging, owing to the difficulty of in situ measurements. Here, we provide a
basic model bridging methane concentrations and elastic-wave velocities in fluidized mud
conduits of submarine mud volcanoes. This model is universally applicable and enables
estimates of methane concentration in the mud conduits using seismic data. This approach
could produce first-order estimates of stationary methane effluxes from deep-water mud
volcanoes. Application of our model to an active deep-water mud volcano reveals that the
amount of methane in its conduits is higher than previously expected from geochemical
evidence. Our scheme provides an opportunity to re-estimate the total methane flux from

submarine mud volcanoes.

4.2 Introduction

The sources of hydrocarbon gases and CO; in the atmosphere have yet to be fully explored

[Kvenvolden et al., 2001; Judd et al., 2002]. One of the major geological sources of these

81
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gases is mud volcanoes [Dimitrov, 2002; Kopf, 2002; Etiope and Milkov, 2004], surficial
expressions of overpressured deep-underground sediments [Higgins and Saunders, 1974;
Kopf, 2002] that are efficient pathways to release hydrocarbon gases. They are plentiful
in various tectonic settings, and can have diameters up to tens of kilometers and heights
of up to several hundreds of meters [Kopf, 2002; Kioka and Ashi, 2015]. The gas released
by mud volcanoes is composed predominantly of methane (generally 90-99 vol%) and is
mostly of mixed thermogenic and biogenic origins [Dimitrov, 2002; Kopf, 2002; Milkov
et al., 2003]. Hydrocarbons released from submarine mud volcanoes in the Nankai accre-
tionary margin are mostly thermogenic, originating from an old accretionary prism deeper
than 2000 mbsf (meters below the seafloor) [Toki et al., 2013; Pape et al., 2014]. However,
the amount of hydrocarbon gas inside submarine mud volcanoes has yet to be accurately
estimated, because only seawater from above the crest of the mud volcano and/or sediment
samples from a shallow subsurface of the crest have been used to estimate it. Furthermore,
numerous observations at both onshore and offshore mud volcanoes have illustrated the
high temporal variability of the intensity of methane emissions from each mud volcano
[Higgins and Saunders, 1974; Feseker et al., 2014], hampering attempts to estimate their
gas volume as found at cold seeps [Tryon et al., 1999; Boetius and Wenzhofer, 2013]. A
recent long-term observation at the Hakon Mosby Mud Volcano in the southwestern Bar-
ents Sea revealed a considerably higher methane concentration than previously reported
[Feseker et al., 2014]. Larger volume of methane gas than expected is thus thought to have
escaped from deep-water mud volcanoes, suggesting that the global methane flux from the
seafloor is probably underestimated, as suggested by previous studies [Milkov et al., 2003;
Etiope and Milkov, 2004]. Therefore, the assessment of potential methane concentrations
inside submarine mud volcanoes is an urgent issue, especially to clarify the total methane
flux from the seafloor, to further our understanding of climate change. Since subma-
rine mud volcanoes are the most prominent players in the escape of material from deep
underground to the seafloor [Kopf, 2002], evaluating the methane percentage also holds
promise in unraveling the role of submarine mud volcanism on subseafloor carbon cycling.
This issue also drives key biogeochemical processes near the seabed that regulate methane

sinking within sediments via the microbial anaerobic oxidation of methane, coupled with
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sulfate reduction [Reeburgh, 2007; Knittel and Boetius, 2009].

To address the aforementioned issues, this study aims to estimate methane content
in the mud conduits of a deep-water mud volcano using seismic velocity profiles. We
develop a basic one-dimensional model demonstrating the stationary gas-charged fluidized
mud conduits of a submarine mud volcano in order to determine the pressure, gas volume
fraction, and gas density of the mud volcano as a function of depth. These values are used
to determine seismic velocities over the fluidized mud conduits of a submarine mud volcano
(Figure 4.1). In this study, we first compare our modeled results with the deep-drilling
data obtained at mud volcanoes in the Olimpi mud field of the Eastern Mediterranean Sea,
in order to evaluate the difference between in situ methane values and those calculated
from our model. Methane concentration within mud conduits can be also derived based on
the seismic velocities acquired by reflection seismics using the multi-channel seismic (MCS)
system or the vertical cable seismic system [e.g., Krail, 1994], or refraction seismics using
ocean-bottom seismometers. The use of these seismic data is benefited from a feasible
gain of information at deep depths easier than deep-drilling or long-term observations.
Thus, we also apply the above scheme to the seismic velocity profile derived from MCS
reflection data to estimate the methane concentration inside the mud conduits of an active

submarine mud volcano in the Nankai subduction zone.

4.3 Methane fraction and elastic-wave velocity

4.3.1 Constraints on the scheme in this study

An increase in pore pressure leads to a decrease in effective pressure and elastic-wave
velocity [Todd and Simmons, 1972; Winkler and Nur, 1982]. Seismic velocity displays
a significant decrease when the saturated fluid water is replaced by gas [Wyllie et al.,
1956, 1958; Domenico, 1977]. Thus, in order to obtain the elastic-wave velocity in the
conduits of a mud volcano as a function of depth, the relationship between pressure, gas
fraction and density of the mud conduits has to be determined. However, natural systems
are highly complicated, far exceeding our current knowledge and a complete understanding

of the interactions between the aforementioned properties cannot be acquired. Therefore,
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our scheme hereafter assigns the following five constraints to obtain the relationships

between the properties robustly:

1. Our model aims to understand the static profile of elastic-wave velocity with changing
methane fractions. In this study, therefore, the total mass fraction of both exsolved
and dissolved methane is fixed to be constant in the mud conduits. No flow properties
at the lateral boundaries between mud conduits and the surrounding sedimentary
sequences are taken into account, because these rates are very low for the duration
of our investigated time period, owing to low diffusion rates [Iversen and Jorgensen,

1993]. Under these constraints, a steady-state condition can be assumed.

2. Only the methane-seawater-mud mixture in the mud conduits is considered here,
and other higher hydrocarbon gases (ethane through pentane), COg2, and Ny are not
taken into account, as they are known to only be minor components inside offshore

mud volcanoes [Dimitrov, 2002; Kopf, 2002; Milkov et al., 2003].

3. Mud conduits are assumed to be an amalgamated cylindrical zone of fluidized mud
pipes feeding the submarine mud volcano, as revealed by high-resolution three-
dimensional seismic images [Davies and Stewart, 2005; Stewart and Davies, 2006].
This assumption is readily validated by a simple estimation using Stokes flow, which
suggests the ascent speed in the mud conduits of the mud diapir will be lower than
the order of 10° m/s, based on its known dynamic viscosity and the diameter of the
single mud feeder reaching up to a couple of tens of meters [Kopf and Behrmann,

2000; Kopf, 2002; Manga et al., 2009].

4. The hydrate-bearing sediment shows a high elastic-wave velocity [e.g., Helgerud
et al., 2009]. However, a setting in which the hydrate is absent from within the
mud conduits is studied here, even satisfying the conditions of the gas hydrate sta-
bility zone. This item is easily justified, because the active mud volcano investigated
in this study ejected hydrates mostly during its earlier massive mud eruptions and

thus is free of hydrates in the mud conduits.

5. Rise velocities of small bubbles that are lower than 1 m/s even in the seawater

column [Jamialahmadi et al., 1994; McGinnis et al., 2006; Sauter et al., 2006] and
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Figure 4.1: Flowchart showing the model presented in this study.

the growth rates of bubbles [Boudreau et al., 2001] are not taken into account, as
the “no-growth” condition can be assumed in the stationary problem investigated

here [Gardiner et al., 2003; Algar and Boudreau, 2010].

The model presented here has two calculations: derivation of dissolved and exsolved
methane fraction profiles, and computation of elastic-wave velocity while incorporating
the resultant methane profile (Figure 4.1). We will summarize the basic derivation of the
methane profile and the resultant changes in the elastic-wave velocity in Sections 4.3.2 and

4.3.3 respectively, and will demonstrate an example of the model result in Section 4.3.4.
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4.3.2 Methane gas fraction

The overburden pressure (lithostatic pressure or confining pressure) in the mud conduits of
a submarine mud volcano, P (Pa), which is dependent on the function of depth z (mbsf),
is given by

P(Z) = pswgdw +/ Pb(Z/)g dZ/7 (4.1)
0

where pg, (kg/m?) is seawater density, g (m/s?) is the gravitational acceleration, d,, (m)
is water depth at the top of the mud volcano, and p; (kg/m?) is the bulk density of the

mud volcano body. The bulk density py is given by:

po(2) = (1 = ¢(2)) par + ¢(2) py44(2), (4.2)

where ¢ is porosity, pg (kg/m?) is grain density, and pfy, (kg/m?) is the density of the
fluid-gas mixture. The grain density p,, is defined by equation (4.10), below, by using a
constant volumetric proportion of mineral constituents (see Section 4.3.3). The seawater
density psq is derived by the reciprocal of the pressure derivative of the Gibbs function at
salinity S4 and temperature 7' (°C) [Wagner and Pruf$, 2002; Feistel, 2008]. The in situ
temperature T can be approximated from an observational linear thermal gradient AT

(°C/m) and the observed seafloor temperature Tg¢ (°C).

The derivation of methane solubility in seawater depends on the equality of the chem-
ical potentials of methane in vapor and liquid phases [Duan and Mao, 2006]. Methane
solubility is not significantly affected by natural minerals [e.g., Stoessell and Byrne, 1982;
Crosdale et al., 1998], while micropores inherent to clays would affect the solubility slightly
le.g., Aringhieri, 2004; Cheng and Huang, 2004]. Thus, the mass fraction of dissolved
methane m%H4 is calculated by the methane-seawater solution of Duan and Mao [2006].
The mass fraction of exsolved methane mg¢y affecting the elastic parameters of the grain-

fluid-gas mixture is given by:

mté)lt{4 - m%H4 (2)

1 - mCClH4(Z)

mem, (2) = : (4.3)

where mtc‘)}t14 is the total mass fraction of exsolved and dissolved methane. Thus, the whole
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density of the fluid-gas mixture, ps 4, at depth z is obtained as:

1-— m%H4 (Z) + m%H4 (Z) > - (4.4)

Psw+CHy (Z) PCH4 (Z)

prist) = (

where pgyicn, (kg/m?) is the density of the methane-seawater mixture, and pcy, (kg/m?)
is the density of exsolved methane. The seawater-methane density pg,+cn, is obtained
using the solution of methane in seawater integrated with the dissolved methane. The
density of exsolved methane pcp, is calculated using formulations of its thermodynamic
properties [Setzmann and Wagner, 1991]. The gas volume fraction (x) can be derived

from the mass fraction (meCH4) weighted by the ratio of bulk and gas density:

- mm%H4(z). (4.5)

The pressure, density, and mass fraction of exsolved gas in mud conduits depend on

each other. We hence use an iterative approach and start at the lithostatic pressure profile

of the second term of the right hand side of equation (4.1) and work out densities and

gas fractions, which are then used in further iterations to determine the depth-dependent

pressure in equation (4.1). Within the ranges of depth z and the total gas mass fraction
tot

mgy, of interest in this study, the scheme converges after no more than ten iterations and

produces robust values.

4.3.3 Elastic-wave velocity

The elastic-wave velocity in a gas-charged fluidized mud conduit of a mud volcano, assum-

ing a homogeneous isotropic medium, is given by Vp(z) = \/(Kb(z) +4Gy(2)/3) [ pp(2)
(m/s), where Kj (Pa) and G} (Pa) are the bulk modulus and the shear modulus, respec-
tively, of the grain-methane-seawater mixture in the conduits. As we assume that gaseous
methane and the methane-seawater mixture are homogeneously distributed within the pore
space, the effective bulk modulus of the composite pore is obtained using the isostress av-

erage [Reuss, 1929]. Here the bulk and shear moduli are computed using the modified
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Biot-Gaussmann theory [Lee, 2002]:

_ B —¢(z) 1 —x(2) Y(2) -1
Ky(2) = Kge(1 - ) + 52 Kgr+q§(z)< g, AL (z)ﬂ | (4.6)
P SRR N e (O N (O MR
o Gt D)1= 6)° + G (1~ 602))? | g2y 4 5] |

Kye + 4G [1— (1 0())7] /3
(4.7)

where K, (Pa), Kgptcn, (Pa), and Kcn, (Pa) are the bulk moduli of grain, the methane-
seawater mixture, and exsolved methane, respectively, G, (Pa) is the shear modulus of
the grains, and ( is the Biot coefficient [Biot, 1941]. We use the Biot coefficient § calcu-
lated using the functional relationship with porosity ¢ for the unconsolidated sediments
investigated here [Lee, 2002]. The moduli of the solid phase, K, and Ggr, are computed
from those of its individual constituents (Table 4.1) using the following Voigt-Reuss-Hill

averaging scheme:

[ZfZK—F(ZI];) } (4.8)
gr:;[ZfZG+<Z£> ] (4.9)

l\')\r—t

where n is the number of mineral components, f; is the volumetric proportion of mineral
i satisfying Y " | f; = 1, and K; (Pa) and G; (Pa) are the bulk and shear moduli of
the component i [Hill, 1952]. The grain density required to calculate the bulk density in

equation (4.2) can also be expressed as:
n
pe = Y _ fipis (4.10)
i=1

where p; (kg/m3) is the density of mineral i (Table 4.1). The bulk modulus of the methane-
seawater mixture Kg,tcm, (Pa) is approximated to that of the seawater solution [Feistel,
2008] to accommodate changes in pressure P and temperature 7" within the mud conduits.
The bulk modulus of methane K¢y, , dependent on temperature 7', pressure P and density

PCH,, is calculated using the van der Waals equation [Morse and Ingard, 1986; Batzle and
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Table 4.1: Constant elastic moduli and grain densities in the model employed [Mavko
et al., 2009].

i Constituent Grain Density (p;) Bulk modulus (K;) Shear modulus (G;)
1 Clays 2600 kg/m? 21 x 10° Pa 6.9 x 10° Pa
2  Quartz 2650 kg/m? 37 x 10? Pa 44 % 10° Pa
3 Plagioclase 2630 kg/m? 76 x 10° Pa 26 x 10° Pa
4 Calcite 2710 kg/m? 77 x 10 Pa 32 x 10° Pa
5 Dolomite 2870 kg/m? 95 x 10° Pa 45 x 10° Pa
6 Halite 2160 kg/m? 25 x 10° Pa 15 x 10° Pa
Wang, 1992].

4.3.4 Model experiment

An experimental example of the constructed model is illustrated in Figure 4.2. The experi-
ment demonstrates the exsolution level (gas is fully dissolved below the level) incorporating
methane solubility in the mud conduits, with an associated downward change in the elastic-
wave velocity. Variations in the seismic velocity are sensitive to porosity changes [ Wyllie
et al., 1956, 1958; Watkins et al., 1972; Erickson and Jarrard, 1998]. Porosity changes
produce the largest variations in the ranges of interest in our calculations, with for exam-
ple up to ~ 7% variation in the resulant elastic-wave velocity Vp against a 10% variation
in porosity ¢ (e.g., Figure 4.2d). The theoretical uncertainty in the elastic-velocity pro-
duced by our model is around 5%, taking all background theoretical formulations into

consideration.

4.4 Application to mud volcanoes in the Eastern Mediter-

ranean Sea using downhole logging data

The Eastern Mediterranean Sea holds the world’s greatest abundance of submarine mud
volcanoes. Intense emission of methane is known to occur at submarine mud volcanoes in
this area. Two mud volcanoes named “Milano” and “Napoli” in the Olimpi mud field of

the central Mediterranean Ridge Accretionary complex (Figure 4.3a) had been drilled by
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Figure 4.2: Experimental validation of the developed model: (a) schematic diagram, (b)
pressure P(z) profile, (c) gas volume fraction x(z) profile, and (d) seismic velocity Vp(z)
profile. The parameters used in this experiment are mot

Sa = 34.0, Tyy = 5.0°C, and AT = 0.030 K/m, with changing constant porosities of

¢(z) = 0.45, 0.50, and 0.55. The three grain constituents considered here are clay (i = 1),
quartz (¢ = 2), and plagioclase (i = 3) with volume fractions (f1, fo, f3) = (0.5,0.3,0.2)
(Table 4.1), in order to determine the elastic moduli of the solid phase computed in
equations (4.8) and (4.9), and the grain density from equation (4.10).

the Ocean Drilling Program (ODP) Leg 160 [Emeis et al., 1996]. Thus, the available data

set including both elastic-wave velocities and methane concentrations allows to compare

these data with our modeled results.

To evaluate the difference between methane concentrations from in situ measurements
and those estimated from our modeled results, we used the data of core sample measure-
ments and downhole logging tools obtained by the ODP Leg 160. P-wave velocities from
downhole logging and split cores were acquired at the moat of the Milano mud volcano

(Hole 970A) and the flank-moat of the Napoli mud volcano (Hole 971B), respectively
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[Emeis et al., 1996]. The crest of the Milano mud volcano is known for having low-salinity
pore waters indicative of large amounts of gas hydrates [De Lange and Brumsack, 1998].
The moat of the Milano mud volcano at Hole 970A shows higher salinities of Sy = 37—
99. In contrast, the Napoli mud volcano extensively represents higher salinities (e.g.,
Sa = 40-240 at the Hole 971B), which is likely associated with brine emissions generating
brine pools. The seawater density at the Napoli mud volcano is thus calculated using
the correlation formula [Driesner and Heinrich, 2007] applicable to the high salinity. The
bulk modulus of the methane-seawater mixture K, +cp, is forcibly calculated by the gen-
eral formulation [Feistel, 2008]. Volumetric fractions of mineral constituents including
clays, quartz, feldspar, calcite, dolomite, and halite are constrained with averaging results
of XRD data [Jurado-Rodriguez and Martinez-Ruiz, 1998]. Porosity measurements from
split cores are used for the porosity profile at each hole, with interpolating the data from
fitting curves to produce porosity at a given depth where the data are absent. Temperature
at a given depth at the Milano mud volcano is obtained from the downhole logging-tool at
the Hole 970A. On the other hand, as geothermal information at the Napoli mud volcano is
limited, we used thermal gradient of A = 30-40°C/km based on a single temperature mea-
surement at the Hole 971B [Emeis et al., 1996] and heat flow measurements [ Camerlenghi
et al., 1995]. These values are employed to produce downward profiles of the elastic-wave
velocity in relation to changes in the total mass fraction mg)fh, in order to evaluate the
likely range of modeled methane amounts at deep depths on each hole of the mud volcano

(Figure 4.3).

Methane concentrations released from and inside mud volcanoes in the Eastern Mediter-
ranean Sea have been investigated from numerous measurements. Geochemical measure-
ments in the water column above the Milano mud volcano show up to 20 pmol/L [e.g.,
MEDINAUT/MEDINETH Shipboard Scientific Parties, 2000; Charlou et al., 2003]. Mea-
surements of pore water in the sediment at the Hole 970A record only minor concentrations
of methane ranging from 2 to 15 ppm [Emeis et al., 1996], while sufficient pore water sam-
ples could not be obtained due to poor recovery of cores at this hole. On the other hand,
methane at the Hole 970C on the flank, ~ 1 km crestward from the Hole 970A, is abundant

ranging 2000-14000 ppm [Emeis et al., 1996]. Our velocity-based results indicate that the
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Figure 4.3: (Preceding page.) (a) The Olimpi mud field in the eastern Mediterranean Sea.
Red stars indicate the Milano and Napoli mud volcanoes investigated in this study, while
pink circles show other known mud volcanoes within the Olimpi mud field. Locations of the
mud volcanoes are from Kioka and Ashi [2015]. Bathymetric data from the GEBCO_2014
Grid. (b) Drilling velocity data and modeled velocities at Milano mud volcano. The
downhole logging velocity data in ODP Hole 970A (gray line), the velocity smoothed with
a 5 m Gaussian filter (thick black line), and velocity measurements of sediment cores in
Hole 970A (red triangles) are plotted. Modeled velocities are demonstrated with varying
total methane mass fractions m%’fh = 0.20 and 0.30% (green and blue lines, respectively),
and salinity S4 = 40, 90 (dot and solid lines, respectively). Volumetric proportions of
mineral are f; = 0.31, fo = 0.16, f3 = 0.03, fy = 0.41, and f5 = 0.09 (see Table 4.1 for the
numeral ¢ labeled in f;). Bottom water temperature is Ty = 14°C. (c) Drilling velocity
data and modeled velocities at Napoli mud volcano. The downhole logging velocity data
in ODP Hole 971B (gray line), the velocity smoothed with a 5 m Gaussian filter (thick
black line), and velocity measurements of sediment cores in Hole 971B (red triangles) are
plotted. Modeled velocities are demonstrated with varying total methane mass fractions
me, = 0.15 and 0.20% (purple and green lines, respectively), and salinity S4 = 50, 100,
150, 200 (dot, dash-dot, dash and solid lines, respectively). Volumetric proportions of
mineral are f; = 0.42, fo = 0.18, f3 = 0.03, f1 = 0.23, f5 = 0.04, and fg = 0.10 (see
Table 4.1 for the numeral ¢ labeled in f;). The thermal gradient is AT = 30-40° /km, while
the resulted velocity is almost unchanged within this range. Bottom water temperature
is Ty = 14°C.

methane concentration at Hole 970A is around 2000 ppm on average at the depths of 0—
180 mbsf while changing within the likely range of salnities (Figure 4.3b), which is similar
to the value obtained geochemically at the Hole 970C. Note that the downhole logging
data records relatively higher velocities at the depth shallower than 130 mbsf because
the depths of 30-130 mbsf are enriched in clasts with the clast-to-matrix ratio ranging
0.25-0.50 [Emeis et al., 1996]. While measurements in the seawater above the Napoli mud
volcano and at a few centimeter of depth in the sediment show a similar value found at
Milano mud volcano [e.g., MEDINAUT/MEDINETH Shipboard Scientific Parties, 2000;
Charlou et al., 2003; Caprais et al., 2010], a higher concentration of < 500 ppm is recorded
at the depth shallower than 10 mbsf by pore water measurements [Emeis et al., 1996; Lazar
et al., 2011]. At the Hole 971B, methane concentration shows 2000-5000 ppm in general,
with occasionally increased by 20000 ppm from headspace analysis [Emeis et al., 1996].
Our modeled results show that 15002000 ppm of methane is extensively present at the

flank-moat of the Napoli mud volcano, which is close to in situ values at the Hole 971B
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(Figure 4.3c).

4.5 Application to a mud volcano in the Nankai margin us-

ing reflection seismics

4.5.1 Seismic reflectors inside the mud conduit of the mud volcano

More than a dozen mud volcanoes in the Kumano forearc basin of the Nankai accre-
tionary margin have been inspected previously [Kuramoto et al., 2001; Morita et al., 2004;
Pape et al., 2014]. The Kumano Knoll No. 3 (KK#3) mud volcano in the Kumano basin
(Figure 4.7a) is thought to be currently active based on both sedimentary and geochem-
ical evidence (see Section C.1). Subsurface imaging in the mud conduit of the active
mud volcano is generally poor due to associated gas and complex structure. Thanks to
high-resolution seismic imaging, however, the mud conduit is thought to behave as an
amalgamated cylindrical zone of feeding fluidized mud pipes [e.g., Davies and Stewart,
2005; Stewart and Davies, 2006]. Chaotic reflection patterns punctuated by seismic conti-
nuity that may be associated with disruption of feeder pipes are also recognizable within
the mud conduit from other mud volcanoes [e.g., Stewart and Davies, 2006; Cartwright
et al., 2007; Somoza et al., 2012]. This assures to produce velocity profiles from reflection
seismics (Figure 4.4).

We here use the MCS reflection data of the KK#3 mud volcano acquired by R/V
Tansei-maru (JAMSTEC, Japan) during the KT-06-19 cruise in August 2006 (Figure 4.7b),
in order to produce velocity profiles beneath the mud volcano. The seismic source in this
survey is generated by the GI gun comprising a total volume of 355 cubic inch. The
receiver array is a 48-channel 1200-m-long seismic streamer cable. The MCS data are
processed conventionally with trace editing, common mid-point (CMP) sorting (CMP in-
terval is ~ 12.5 m), zero-phase sine-squared tapered band-pass filter (10-15-110-120 Hz),
power gain of t2, deconvolution using the Wiener predictive error filtering, Hyperbolic
Radon transform demultiple [Foster and Mosher, 1992], Muting, velocity analysis, nor-
mal moveout (NMO) correction, common mid-point (CMP) stacking, and time migration

[e.g., Yilmaz, 2001]. The velocity analysis here follows the method of weighting semblance
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Figure 4.4: Schematic illustration of mud conduits and associated reflectors imaged in
reflection seismics. Chaotic reflection patterns surrounded by feeder pipes within mud

conduit are recognizable [e.g., Stewart and Davies, 2006; Cartwright et al., 2007; Somoza
et al., 2012].

spectra [Luo and Hale, 2012] using the algorithm that automatically picks optimum ve-
locities (see Section 4.5.2). The vertical resolution (Rayleigh’s criterion) lateral resolution
(Fresnel zone) within dominant frequencies and studied domain are 3-15 m and 120-250
m, respectively.

As our seismic image itself can provide rather weak reflectors within the mud conduit
but not any feeder pipes (Figure 4.7b), pre-processed super-CMP gathers among neighbor-
ing 5 CMPs in the mud conduit represent common high-amplitude waveforms within the
range of time of interest (Figures 4.5, C.1-C.5). These common high-amplitudes among
the CMPs should generate seismic reflectors found in the seismic reflection image. Our
seismic data also show the similarity among CMP gathers recorded between the given
CMP and neighboring 2 CMPs within the mud conduit of the studied mud volcano (Fig-

ures 4.6 and C.10, and also found from neighboring 5 CMPs in Figure C.11). The common
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Figure 4.5: A super-gather of the neighboring 5 CMPs in the central part of the mud con-
duit within the KK#3 mud volcano. (a) Velocity spectra of the super-gather. The white
solid line draws automatic picking velocities, while the white dash line shows optimum ve-
locities. (b) A super-gather in the central part of the mud conduit. (¢) Moveout-operated
super-gathers applying the optimum velocities. Other examples are demonstrated in Fig-
ures C.1-C.5.
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high-amplitude waveforms found 5 CMPs super-gathers and the similarity among the 3
CMPs suggest that continuous unique seismic reflectors can be found within the mud

conduit, allowing to draw the velocity.

4.5.2 Profiles of elastic-wave velocities in the mud conduit

The reflection seismic data can provides elastic-wave velocities in the mud conduit in order
to estimate methane amount inside the studied mud volcano, because continuous seismic
reflectors are undoubtedly found inside the mud conduit as presented in the previous

Section 4.5.1.

The velocity analysis here follows the weighting semblance method employing an offset-
dependent weighting function [Luo and Hale, 2012]. This weighted semblance-based anal-
ysis produces greater sensitivity to velocity changes, giving a higher resolution resulting
velocity scanning map than the conventional semblance calculation [Hale, 2009; Luo and
Hale, 2012; Chen et al., 2015]. Semblance maps are produced by the velocity step in 10
m/s and averaging window of the time length in 16 ms. We also use an algorithm that
automatically picks optimum velocities [Fomel, 2009] to avoid the artificial errors caused
by commonly used manual picking. While the picking algorithm controls picked flexibility
between two neighboring time samples, we use a rather small search radius in order to
assure to pick reasonable values because large changes in the velocity within small time
interval are not presumable. Some examples of the velocity analysis in the mud conduit
are found in Figures C.6-C.9. The picked velocity trajectory is additionally smoothed
using the shaping regularization method [Fomel, 2007a] for stabilizing RMS velocities to
produce optimum interval velocities [Claerbout and Black, 2005].

If a velocity profile from the given CMP produces a large deviation among neighboring
several CMPs, the profile is removed because its record can be thought to include a “noisy”
waveform. Deviation in the velocity calculated from profiles of neighboring 5 CMPs (except
for noisy CMPs), width of 60-70 m falling within the Fresnel zone, represents that our
produced velocities in the mud conduit have uncertainties of up to 90 m/s at deep depths
within the time domain of interest (Figure C.12). This suggests that the uncertainty in

the produced velocity within the mud conduit is ensured to have less than +5%. The
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Figure 4.6: Wiggle and raster plots of waveforms recorded in neighboring three CMPs
located in mud conduits of the studied submarine mud volcano, in order to see similarity
in traces between the given CMP and neighboring 2 CMPs: (a) Central part of the mud
conduits and (b) Eastern part of the mud conduits. Other examples are demonstrated in
Figure C.10.
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final velocity profile of the given CMP found in Figure 4.7c are produced by smoothing of

profiles from the neighboring 5 CMPs.

To constrain parameters addressed in Sections 4.3.2 and 4.3.3, we assume that the
mineral constituents in the mud conduits of the KK#3 mud volcano follow the same dis-
tribution as those from the IODP Site C0002 [Ezpedition 315 Scientists, 2009], including
clay, quartz, plagioclase, and calcite (Table 4.1). Salinity in the mud conduits is set to
be S4 = 35.0 from the results of a push-core sampling study [Toki et al., 2013]. Porosity
is almost unchanged in the upper several tens of meters inside the KK#5 and KK#6
mud volcanoes, but in practice decreases downward over deeper depths of our interest due
to gravitational compaction. We thus employ porosity functions given by a commonly
used relationship to estimate compressibility inside the submarine mud volcano (see Sec-
tion C.3). While the heat flow associated with the activity of the mud volcano changes
the temperature profile [Feseker et al., 2014; Pape et al., 2014], a stationary profile is
assumed here using a linear thermal gradient of AT = 0.042 °C/m and a uniform seafloor
temperature of Ty = 2°C (see Section C.4 for the geothermal condition [e.g., Hamamoto
et al., 2011]). These values are employed to produce downward profiles of the elastic-wave
velocity in relation to changes in the total mass fraction mté)ﬁh, in order to evaluate the

likely range of methane amounts in the mud conduits of the active KK#3 mud volcano

(Figure 4.7c).

4.6 First geophysical evidence of large methane content in-

side mud volcanoes

The examination of our model using in situ values obtained from deep-drlling measure-
ments in the Eastern Mediterranean Sea reveals that modeled methane concentrations
using elastic-wave velocities are compatible with or at least within the same order of
magnitude of those estimated from pore water measurements. The testing ensures that
our scheme enables to produce averaged methane concentrations at the depths of interest
based on elastic-wave velocities. This allows to estimate methane concentrations at other

mud volcanoes where their gas amounts inside the mud volcanoes are unknown.
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Figure 4.7: (a) Location of the KK#3 mud volcano examined in this study. A blue line
over the KK#3 mud volcano presents the MCS survey line tested here. Other neighboring
mud volcanoes and IODP sites are also shown. (b) A seismic image of the KK#3 mud
volcano. Velocity profiles inside the mud conduits and in the surrounding regions, whose
domains are illustrated in red and grey dashed lines, are plotted in Figure 4.7c. Note that
the bottom simulation reflector (BSR) that manifests the base of the gas hydrate stability
zone may be found here (shown in red triangles) as widely observed in the Nankai margin
[Ashi et al., 2002; Baba and Yamada, 2004; Otsuka et al., 2015] and more specifically
at the IODP Site C0002 [Daigle and Dugan, 2014], but that the BSR does not connect
across the fluidized mud conduits of the active mud volcano. This suggests that the mud
volcano investigated here had mostly ejected gas hydrates during its earlier massive mud
eruptions. (c) Velocity profiles from the mud conduits of the KK#3 mud volcano (red
lines), sedimentary sequences outside the mud conduits (dark gray lines), and modeled
velocities below the top of the mud volcano with varying total methane mass fractions
mg’lfI4 = 0.2, 0.3, and 0.4% (green, blue, and cyan lines, respectively), and k& = 0.0167,
0.0074, 0.0050, and 0.0031 m~! (solid, dash-dot, dash, and dot lines, respectively), where
k is the compaction coefficient operated in porosity functions (see Section C.3 and Fig-
ure C.13). Profiles of the modeled velocity when the porosity is assumed to be unchanged
downward are illustrated in Figure C.14. As the BSRs appear to be weak in the studied
areas outside the mud conduits, the velocity change around BSRs cannot found unlike in
other regions [ Yuan et al., 1999; Crutchley et al., 2015].
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Methane concentrations sampled from overlying seawater columns and subsurface pore
water of both active and inactive mud volcanoes in the Nankai margin have been reported
to be generally less than 200 ppm [Miyazaki et al., 2009; Tsunogai et al., 2012; Toki et al.,
2013; Pape et al., 2014]. The observed seismic velocities in the mud conduits of the KK#3
mud volcano are distinctly lower than those in the sedimentary sequences outside the mud
conduits (Figure 4.7c). A similar difference in seismic velocities was found in a diapir-
like structure at the deep depth in the Nankai margin [Tsuji et al., 2015]. Comparing
our modeled velocity profiles with observed values taking into account the uncertainty in
the velocity profiles, the total mass fraction of methane (m‘é’fh) inside the KK#3 mud
volcano of the Nankai margin could be around 2000-3000 ppm (Figure 4.7¢). Differences
in downward trends between modeled and observed velocities in the mud conduits would
arise from our major assumptions, including a constant total mass fraction of methane
and/or disregarding the presence and growth of bubbles, as we investigated stationary gas-
charged fluidized mud conduits in this study. Despite these issues and the large uncertainty
in velocity estimation, our estimation using seismic velocities undoubtedly reveals that
methane concentration in an active mud volcano may be an order of magnitude higher
than previously thought from geochemical measurements. This will be not surprising,
given that our result displays the methane amount within the bulk of the outlet while
all previous estimates glimpse single methane streams. While other hydrocarbons and
COg are found in submarine mud volcanoes [e.g., Milkov et al., 2003], they are minor

components and unlikely to influence our estimated velocity.

Methane released from the seafloor is thought to make little influence on methane
budgets in atmosphere [e.g., Lelieveld et al., 1998; Wuebbles and Hayhoe, 2002], because
methane is dissolved and oxidized in seawater columns within a couple of years [e.g.,
Reeburgh et al., 1991; Valentine et al., 2001]. However, our calculation showed higher
methane concentrations than previously reported from overlying seawater columns and
subsurface pore water of the mud volcanoes in the Mediterranean Ridge and the Nankai
accretionary margins. We thus expect that only a very small fraction of the total methane
inside the active KK#3 mud volcano might be oxidized beneath the seafloor [Niemann

et al., 2006; Sauter et al., 2006], with the vast majority of the methane escaping into the
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overlying water column [Niemann et al., 2006; Feseker et al., 2014]. The total methane
released from submarine mud volcanoes into the water column is reported to be 27 Tg/yr
[Milkov et al., 2003]. However, this value is highly uncertain, because the total number of
submarine mud volcanoes and the temporal variability in methane emissions are unknown.
Given that the diameter of a single feeder of a mud volcano is 10 m and the dynamic
viscosity is of an order of around 10*-10° Pa-s [Kopf and Behrmann, 2000; Manga et al.,
2009; Rudolph et al., 2011], methane expelled from the KK#3 mud volcano associated
with the ascent of fluidized mud is estimated to be no lower than of an order of magnitude
of 1071-10° Tg/yr, assuming that the stationary discharge is driven by a background
diapiric flow. If this value is representative of submarine mud volcanoes in general, while
the studied mud volcano is rather active, then the total methane released from the mud
volcanoes could be at least twice the previously estimated amount. These results can help
guide the reestimation of the previously reported global methane flux from the seafloor
[Kvenvolden et al., 2001]. Although additional information, including the ascent speed of
ejecta from the mud volcano, is required to constrain the effective methane efflux from a
deep-water mud volcano, our method for submarine mud volcanoes using seismics enables
a first-order estimate of global methane flux from mud volcanoes. Since a long-term
observation on top of a mud volcano [Feseker et al., 2014] and our seismic estimation
inside the mud volcano provide methane concentration that are an order of magnitude
higher than previously thought at each active mud volcano, we would expect a much larger
total methane flux from submarine mud volcanoes worldwide than the previous calculation.
This new estimation combined with our seismic method, long-term observations, and deep-
drillings will provide an opportunity to reexamine the role of mud volcanism on subseafloor

carbon cycling and dynamics of mud eruptions.

4.7 Conclusion

The methane concentration inside the mud conduits of a deep-water mud volcano was
studied using seismic velocity profiles. Application of our scheme to submarine mud vol-
canoes in the Mediterranean Ridge and the Nankai accretionary margins showed that the

methane concentrations in the mud volcanoes are higher than expected from seawater
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measurements from above the crest of the mud volcano and pore waters from a shallow
subsurface of the mud volcano, and are compatible with those from deep-drilling. Our
estimation inside the mud volcano using seismics and long-term observation studies of the
top of a mud volcano, and downhole logging and in situ measurements from deep-drillings
shed light upon that the total methane released from submarine mud volcanoes worldwide
would much higher than previously thought. Although further studies are required, the
scheme using seismic data reported in this study is universally applicable and provides a
robust estimation of the amount of methane in the conduits of offshore mud volcanoes.
These estimate approaches can constrain the global methane eflux from deep-water mud

volcanoes when additional information is made available.

4.8 Connection to other chapters

This chapter will be summarized as: (1) methane concentration inside a submarine mud
volcano is studied using seismics, (2) an estimate for an active submarine mud volcano
showed a higher CH; amount than expected, and (3) our scheme helps assess a global
stationary methane flux from offshore mud volcanoes. The result presented in this chapter
provides a potential amount of methane gas inside a submarine mud volcano. This issue
can be forwarded to discuss the role of mud eruptions from submarine mud volcanoes on
subseafloor methane cycle or carbon cycle. This chapter is connected to Chapters 2 and 3
in which magnitude of eruptions and ascent of ejecta from submarine mud volcanoes are
strongly related to amount of gas in the mud conduits studied in this chapter. There is also
hope that using the scheme presented in this chapter will help improve our knowledge of
seismic velocity structure inside submarine mud volcanoes, although tomographic inversion
of marine seismic refraction data may be preferable. This will help better constrain the
properties and sedimentary structure in the mud conduits of submarine mud volcanoes as

addressed in Chapter 1.






Chapter 5

Discussion

My interests in this thesis lie mainly in understanding roles of submarine mud volcanism
on subseafloor material cycling as noted in Chapter 1, although there is likely no specifi-
cally encompassing theme to the results obtained in this thesis. This chapter thus delivers
discussions issuing how submarine mud volcanism makes a contribution to subseafloor sed-
iment transfer, fluid migration, and carbon cycle, examined through all results presented

in the previous chapters of this thesis.

5.1 Sediment recycling and submarine mud volcanism

The result presented in Chapter 2 provides important findings including (1) the frequent
occurrence of pie-type (i.e., gentle slopes) submarine mud volcanoes in the accretionary
wedges characterized by low-taper angles and high rates of incoming sediments and (2)
the pie-type mud volcanoes act as efficient players to transfer large quantities of sedi-
ments to the seafloor. A unique mass balance of extruded muds and incoming sediments
within a wedge in each subduction margin is thus presumable. Chapter 3 and previous
studies reviewed in Chapter 1 manifest that source depths and ejecta paths vary in differ-
ent submarine mud volcanoes. These results suggest each submarine mud volcano has a
unique contribution to the subseafloor material cycling. The ascent mechanism discussed
in Chapter 3 can be thus utilized as primary constraints on subseafloor sediment transfer
through submarine mud volcanism. In particular, the submarine mud volcano, rooting in

the mud source at deep depths or yielding a high speed ascent of its ejecta as shown in
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Chapter 3, makes a big contribution to transfer sediment efficiently between deep depths
and the seafloor. Specifically, the presented result provides depths and thermal informa-
tion into the source of large amounts of sediment, which delineates dynamic sediment
cycling between the seafloor and deep depths. Moreover, the result in Chapter 3 suggests
that submarine mud volcanism accommodates or links to subseafloor tectonic setting and
and its influence on the dynamic tectonics. Chapter 4 also sheds light on larger amounts
of methane than expected are present inside submarine mud volcanoes from a long-term
observation and my seismic method. This implies that gases play a more important role

as an efficient driver of sediment transfer to the seafloor than previous thought.

The role of submarine mud volcanism on the subseafloor sediment cycle has profound
effects on deformations, seismicity, and thermal regimes within the wedge through its
influence on effective stresses. Furthermore, as presented in Chapter 2, nearly all of
submarine mud volcanoes are polygenetic, suggesting that they reuse their main conduits
dozens of times and thus serve efficiently to transfer sediments from deep depths to the
seafloor. Despite the fact, sediment budget extruded by submarine mud volcanoes has
been little debated. Given the number of submarine mud volcanoes (> 10007 [Milkov,
2000; Dimitrov, 2002]), diapiric ascent (Stokes’ flow), and their properties including width
of mud conduits [Kopf and Behrmann, 2000; Kopf, 2002] and dynamic viscosity [Kopf
and Behrmann, 2000; Manga et al., 2009; Rudolph and Manga, 2010], global fluidized
mud flux from submarine mud volcanoes will be calculated to be an order of magnitude of
102-10" Tg/yr. These values are minimum estimates, because the estimates assume the
slow upward flow while a high speed ascent is favorable in some submarine mud volcanoes
as discussed in Chapter 3. Thus, submarine mud volcanism may make a most tremendous
service to subseafloor sediment cycle between deep depths and the seafloor among sediment

extrusion/mobilization phenomena.

While no studies have examined the source size of submarine mud volcanoes, distribu-
tion of submarine mud volcanoes presented in Chapters 1 and 2 helps assess the spatial
source size. Spatial size of mud chambers rooted in submarine mud volcanoes, though the
issue whether mud chambers exist or not remains controversial, holds promise in further

understanding of submarine mud volcanism and its contribution to subseafloor material



5.1. Sediment recycling and submarine mud volcanism 107

cycling. Thickness in the mud chamber can be approximated by the Rayleigh-Taylor (RT)
instability [e.g., Chandrasekhar, 1961], which arises when a denser layer overlies a less
dense layer. Herein I estimate the thickness using the analytical solution of the simple
three-layer geometry for the RT instability [Wilcock and Whitehead, 1991], comprising
the issued central layer of thickness h, interleaved between two equal half-spaces of con-
siderably higher viscosity (71 = 13 > n2), where 11, 12, and 13 are viscosities at upper
half-space, central layer, and lower half-space, respectively. At large values of the viscosity
ratio € = 11 /n2, a characteristic wavelength A\ at the fastest growing equilibrium is given

by [Wilcock and Whitehead, 1991]:
% = 7(2¢)'/3. (5.1)

In the problem investigated here, the observed spacing of submarine mud volcanoes L
can correspond to the fastest growing wavelength A. The thickness in the mud chamber is
thus obtained as h = L/(21%¢)'/3 from equation (5.1). Here, the spacing L, constrained by
distribution of submarine mud volcanoes overviewed in Chapters 1 and 2, is served as the
distance between a given submarine mud volcano and neighboring mud volcanoes within
the same mud field (see Figures 1.11-1.16 for example). The spacing may be around or
less than L = 10 km. If I assume the viscosities of upper layer of a representative value
m ~ 10'0 Pa-s [Shimizu, 1995] in the overlying sedimentary wedge and mud chamber of
a low value 7o ~ 10* Pa-s [Rudolph and Manga, 2010], the thickness of mud chamber is
calculated to be an order of magnitude of 10~! m. All the same, assuming a lower value
of m1 ~ 10 Pa-s at the upper layer and a high value of 73 ~ 10° Pa-s in the mud chamber
[Kopf and Behrmann, 2000], the thickness of mud chamber will be an order of magnitude
of 10° m. This estimate suggests that thickness of mud chamber (mud source) rooted
from submarine mud volcanoes may be less than 10 m, and such thin sources of fluidized
muds at deep depths might drive submarine mud volcanism that plays a profound role in

subseafloor sediment cycle.
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5.2 Fluid discharge and submarine mud volcanism

Subsurface water, or groundwater, is important for the Earth system through the broader
hydrologic cycle, climate, oceans, and global biogeochemical cycles [Moore, 1996; Taylor
et al., 2013; Maher and Chamberlain, 2014]. For example, the total global volume of
groundwater in the upper couple of kilometers of continental crust is estimated to be 1.6—
3.0x 107 km?, while modern groundwater less than 50 years old holds a small percentage of
the total budget [Gleeson et al., 2015]. The global rate of groundwater recharge is thought
to be an order of magnitude of 10* km3/yr [Déll and Fiedler, 2008; Gleeson et al., 2015).
Submarine hydrothermal system is a drastic player for fluid release, yielding the total
fluid flux from hydrothermal ridge flank of 2.5-7.3 x 10'2 m3 /yr [Mottl and Wheat, 1994;
Elderfield and Schultz, 1996; Johnson and Pruis, 2003], while global fluid flux from the
seafloor through general marine sediments has been estimated to be a minor fraction

having ~ 7.5 x 10'° m3/yr [Anderson et al., 2014].

Major fluid discharge from submarine mud volcanoes is transferred by ejecta ascent,
while the ascent has a variety of its mechanism as presented in Chapter 3. Given the
number of submarine mud volcanoes (> 10007 [Milkov, 2000; Dimitrov, 2002]), diapiric
ascent, and their properties including width of mud conduits [Kopf and Behrmann, 2000;
Kopf, 2002] and dynamic viscosity [Kopf and Behrmann, 2000; Manga et al., 2009; Rudolph
and Manga, 2010], global fluid flux from submarine mud volcanoes will be calculated
to be an order of magnitude of > 107-10'3 m3/yr. This estimate is consistent with
individual results from a fluid supply of 1.5 x 10° m?/yr estimated from Atlante mud
volcano in the Barbados accretionary prism [Henry et al., 1996] and a flux of 9.4 x 10*
m?/yr from Dvurechenskii mud volcano in Black Sea [Aloisi et al., 2004], while these
results are minimum estimates. Mud discharge measured at Lusi mud volcano, onshore
East Java, offers ~ 105 m?®/day from its main crater during the first year of the massive
discharge [Mazzini et al., 2007], which brackets the above estimate. While total areas of
submarine mud volcanoes hold percentages of < 0.005% of the global seafloor and even
the minimum estimate obtained here, the total fluid flux from submarine mud volcanoes is
similar to or greater than that from the regular seafloor and the hydrothermal system. The

result presented in Chapter 2 suggests that the pie-type mud volcanoes, mainly developed
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in accretionary margins characterized by high sediment influx, act as efficient players to
migrate large amounts of fluids to the seafloor. Moreover, as also shown in Chapter 2,
submarine mud volcanoes reuse their main conduits multiple times over a very long time
and serve efficiently to transfer fluids to the seafloor as they are polygenetic. These results
suggest that submarine mud volcanism makes a major contribution to long-term global

fluid fluxes from the seafloor.

5.3 Carbon cycling and submarine mud volcanism

Marine environment stores a vast reservoir of methane of > 10'? g carbon [e.g., Zhang et al.,
2011]. Since methane is dissolved and oxidized within a couple of years in seawater columns
[e.g., Reeburgh et al., 1991; Valentine et al., 2001], methane released from the seafloor
is thought to make little influence on methane budgets in atmosphere [Lelieveld et al.,
1998; Houweling et al., 2000; Wuebbles and Hayhoe, 2002]. The total methane oxidized in
seawater columns and shallow sediments is estimated to be 75-304 Tg/yr [Reeburgh, 2007].
The gas released by mud volcanoes is composed predominantly of methane [Dimitrov,
2002; Milkov et al., 2003]. A Gas flux ranges the order of ~ 10* m3/day at submarine mud
volcanoes in the Barbados accretionary margin [Henry et al., 1996]. The total methane
released from submarine mud volcanoes into the overlying seawater column was reported
to be 27 Tg/yr [Milkov et al., 2003]. In addition, because gas hydrates outcroped by
subsurface disintegration can ascend upwards from the subseafloor to the seasurface due to
their buoyoncy as observed in Hydrate Ridge [Paull et al., 2002], submarine mud volcanoes
could be players to release methane directly into the atmosphere through massive mud
eruptions capturing hydrates as examined in Chapters 2 and 3. The assessment of the
methane flux in the seawater column thus holds promise on evaluating the influence on
biogeochemical processes near the seabed and reestimate of the methane flux into the
atmosphere which may contribute to solve the “Missing methane” problem.

Chapter 4 aimed at understanding potential methane concentrations inside submarine
mud volcanoes using seismics in order to reestimate a long-term methane flux. Velocity
estimates presented in Chapter 4 picks larger values due to the surrounding sequences

that yield higher velocities. But this indicates that the velocity determination displays its
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maximum estimate, suggesting that our final results on the methane amount are minimum
estimates as a larger gas amount draws a lower velocity. Although Chapter 4 shows case
studies, this chapter thus provides a very important result especially for estimates of total
global methane fluxes from submarine mud volcanoes. From several data including sea-
water samples above the mud volcano and pore waters at both shallow and deep depths,
I found that the model represented in Chapter 4 produces methane concentrations inside
the mud volcano which is compatible with or at least within the same order of magnitude
of those from deep-drilling measurements. Despite uncertainties in total number, physi-
cal properties, and temporal variability of submarine mud volcanoes, the total methane
released from submarine mud volcanoes could be at least an order of magnitude of 102
Tg/yr assuming the slow discharge mechanism as noted in Chapter 4. My work in this
chapter using seismic schemes, a recent long-term observation [Feseker et al., 2014], and
measurements from deep-drilling [Emeis et al., 1996] suggests that the global methane
effluxes had been largely underestimated. Moreover, because the total methane flux esti-
mated here is produced from slow ejecta ascent while high-speed ascent is often favorable
for some submarine mud volcanoes presented in Chapter 3, the total flux might be much
larger. Even small amounts of methane (~ 1 vol%) will cause expansion at depths < 1
km leading buoyancy [e.g., Brown, 1990], which may have profound effects of eruptional
dynamics of submarine mud volcanoes discussed in Chapters 2 and 3. Since high methane
flux is considered in many submarine mud volcanoes as presented in Chapter 4, the amount
of methane investigated in this thesis plays an important issue into the dynamics of mud

volcanism as well as subsurface carbon cycle.



Chapter 6

Conclusions

The research presented in this thesis explores the three topics related to submarine mud
volcanism and subseafloor material cycling that span the fields of geology, sedimentology,
geophysics, and geochemistry, as well as the intersection between them. This work can be

summarized as having addressed the following main questions:

1. How does submarine mud volcanism make a contribution to subseafloor sediment

transfer? (Chapters 2 and 3)

2. How does submarine mud volcanism make a contribution to subseafloor fluid migra-

tion? (Chapters 2 and 3)

3. How does submarine mud volcanism make a contribution to subseafloor carbon cycle?

(Chapter 4)

The answers to these questions have been answered in the previous chapters of this thesis,

and the main points can be briefly summarized as belows:

1. Submarine mud volcanoes play unique roles in efficiency of sediment transfer from
depths in different tectonic settings. A rapid extrusion of muds as well as clasts
is often favorable in some submarine mud volcanoes, possibly implying larger total

mass effluxes from submarine mud volcanoes than previously expected.

2. Fluid migration driven by mud eruptions is also dependent on tectonic settings.

Fluid discharge from submarine mud volcanoes plays an significant role in global
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fluid flux. A rapid fluid transfer is often occurred in some submarine marine mud
volcanoes, suggesting that the dynamic fluid exchange between deep depths and the

seafloor is likely taken place.

3. A submarine mud volcano plays an unexpectedly important role in subseafloor
methane cycle. Since methane amount affects biosphere around the mud volcano, the
more significant contribution to subseafloor carbon cycle is expected than previously

thought.

All the results provided in this thesis represent an increase in our understanding of sub-

marine mud volcanism and its relation to subseafloor material cycling.
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Appendix A

Additional Materials for

Chapters 1 and 2

This supplementary material contains a supplemental table (Table A.1) for Chapters 1
and 2. The dataset provides a catalog that includes heights and radii of submarine mud
volcanoes compiled from bathymetric data and literature, which produces the results pre-
sented in Chapters 1 and 2. The data in the table are summarized in Figures 1.9, 1.10,
and 2.1. All data in the table are properly cited and referred in the reference list of main

text.
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Appendix B

Additional Materials for Chapter 3

This chapter presents additional information in order to document the results presented
in Chapter 3. Section B.1 provides a brief description of the thermal parameters used to
model 2-D thermal structure. The used parameters are summarized in Table 3.2. Each
layer addressed here is guided in Figure 3.4. Section B.2 shows time-temperature sim-
ulations on the resulted values of vitrinite reflectance to estimate the experienced peak
temperatures of clasts. Other additional figures and tables include: photos of studied sam-
ples (Figures B.3 and B.4), nannofossil data (Tables B.1 and B.2), and vitrinite reflectance
data (Tables B.3 and B.4).

B.1 Thermal parameters in 2-D thermal model

Thermal conductivity of uppermost layer 1 is assumed to be 1.0 W/m/K based on in-
situ measurement in the MEDRIFF corridor [Della Vedova et al., 2003]. As for layers
2-5, this study adopts representative values at overriding plate part and underthrusting
sediment layer [e.g., Beardsmore and Cull, 2001; Clauser and Huenges, 1995; Turcotte
et al., 1978] as the downward increase due to decreasing porosity. The RHP rate of layers
1-4 is assumed to be 1.5 pW/m>. This value seems to be an adequate value, because
previous studies in the Nankai accretionary prism whose source is mostly terrigenous have
been reported to be 1.5-2.2 uW/m? [e.g., Hyndman et al., 1995; Yamaguchi et al., 2001].
For the highly compacted or dewatered subducting sediments, as the highest sediment

thermal conductivity values of 3.04+0.5 W/m/K have been found [Roy et al., 1981; Drury,
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1986; Barker, 1996], this study hence adopts 3.0 W/m/K in the subducting sediment
layer 5. Shales with the density of 2700 kg/m? shows RHP rate of 2.5 yW/m? [Pasquale
et al., 2001). Hyndman et al. [1995] also reports relatively higher value of RHP rate
of shales, 1.8 uW/m3. Hence this study also adopts that of 2.0 W /m3 at subducting
Aptian shale and older Mesozoic sediments (layer 5). As for layer 6, this study employs
a representative value of thermal parameters in oceanic lithosphere [e.g., Heasler and
Surdam, 1985; Van den Beukel and Wortel, 1988; Hyndman et al., 1995]. The most
representative values of marine evaporites are as follows: calcite (4.0-5.0 W/m/K), gypsum
(2.0-3.0 W/m/K), anhydrite (~5.0 W/m/K) and halite (>6.5 W/m/K) [e.g., Horai, 1971].
Thermal conductivity of evaporites layer at the depth of 200-300 mbsf at DSDP (Deep
Sea Drilling Project) Leg 23 Site 225 and 227 in the Red Sea represented 4.4-5.6 W/m /K
[Wheildon et al., 1974]. The basinal evaporites presumably consist mainly of halite [e.g.,
Cohen, 1993], and additionally Polonia et al. [2002] interpreted the lower unit of evaporite
succession is composed of almost halite though the upper unit is composed of marls and
gypsum. Hence this study adopts thermal conductivity of 5.0 W/m/K in layer 7. Thermal
capacity of evaporite would be close to the one in other layers based on the density and heat
capacity (~0.8-1.1 kJ/kg/K). Evaporites essentially contain little radioactive elements and
hence RHP is extremely small or null, thus this study assumed it to be 0.01 yW/m? at
layer 7. At backstop segment (layer 8), a representative value of thermal conductivity and

RHP within continental crust likely agrees with seismic velocity characteristics is used.

B.2 Time-temperature paths on vitrinite reflectance

We herein simulated Ti,.x values from time-temperature paths based on the kinetic for-
mulation of Sweeney and Burnham [1990]. For the Aptian shale and other E. Cretaceous
mudstone samples, our time-temperature simulations were based on the assumption of
subduction under steady-state plate motion of 40 mm/yr, because the Nubian-Aegean
convergence rate is estimated to have been 30-40 mm/yr since 13 Ma [e.g., Le Pichon
et al., 1995]. The initial sedimentation age and the final eruption age were assumed as
120 Ma and 0 Ma, respectively, and the initial and final temperatures were taken as 5°C

and 14°C, respectively. Figure B.1 is a schematic illustration of this model. We assumed
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Figure B.1: Schematic illustration of time-burial path used in this study (see text).

that shales and other mudstones started subducting at the deformation front at 14.5-5.5
Ma and reached its maximum burial depth at 10-1 Ma, then ascended through the wedge
and erupted at 0 Ma, a reasonable age given that MHMYV has signs of recent eruptions.
In the deformation front below the plate interface, the temperature was assumed to be
55-75°C based on the thermal structure presented in Figure 3.6. Note that arbitrary tec-
tonic events before the onset of subducting, such as downdropping or burial, do not affect
Tiax values at the maximum burial depth, because we assumed that shale did not expe-
rience temperatures before subduction that would have affected kinetic results. Thus, in
our model, the cooling rate between maximum depth and eruption also affects Ti,ax. The
resulting T},.x values were similar at the same vitrinite reflectance values even though the
maximum burial depth was variable (Figure B.2). Ro values of 0.44%, 0.59%, and 0.74%
from shale and values of 0.89%, 1.04%, and 1.19% from other mudstones resulted in Tiax
values of about 82 4+ 4°C, 108 4+ 3°C, 134 4+ 3°C, 153 4+ 3°C, 164 4+ 3°C, and 173 4+ 3°C,

respectively, in our model.

The convergence rate is considered to be changed within the investigated period [e.g.,
Le Pichon et al., 1995]. But this is not an important issue in our study, because the kinetic

calculation within the heating rate that we consider does not affect the resultant maximum
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Figure B.2: Examples of the possible time-temperature paths that result in the same
vitrinite reflectance values of shale samples (a) Ro = 0.44%; (b) Ro = 0.59%; (c) Ro =
0.74%, and other mudstone samples (d) Ro = 0.89%; (e) Ro = 1.04%; (f) Ro = 1.19%.
Time-temperature paths are defined by four time points: initial deposition age (120 Ma
in all cases), onset of subduction, maximum burial, and erupted age (0 Ma in all cases).
Simulations assumed constant subduction of 40 mm/yr. Times of subduction onset and
maximum burial vary for curves in red (5.5 and 1 Ma), black (6.5 and 2 Ma), green (9.5 and
5 Ma), and blue (14.5 and 10 Ma). Each of these four scenarios is shown for temperatures
at the onset of subduction of 55°C, 65°C and 75°C.
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Figure B.3: (a) Photos and X-ray CT scan images of NSS-PCO03 core. The CT scan images
show that the core captures many clasts. Examples of clasts from MHMV cores; (b) shale
from section 1 of NSS-PC03 core (#C023); (c) siltstone from section 1 of NSS-PC02 core
(#C036); (d) conglomerate from section 2 of NSS-PCO02 core (#C057).
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vitrinite

(b)

Fusinite
(inertinite group)

: .
Macrinite i
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Figure B.4: Examples of maceral fragment within slab samples: (a) partial bitumen (vit-
rinite) within shale (left: sample #C118, 0.62% reflectance) and mudstone (right: sample
#C097, 1.18% reflectance); (b) inertinite macerals with charcoal-like structure and high
reflectance.

temperature Ty,.x considerably. A net mean rate is considered to be 30—40 mm/yr since
the onset of Aegean spreading of 13 Ma [e.g., Le Pichon et al., 1995]. The paper claims
that the convergence rate has slowed down since 6-3 Ma. Thus, the following different
thermal scenario with the shale of Ro = 0.74 can be considered: (1) onset of subducting
of the shale sample at 8 Ma, (2) continuing subduction with a higher convergence rate of
60 mm/yr from 8 to 6 Ma, (3) the slower rates since 6 Ma and maximum burial of shale
at 1 Ma, and (4) shale sample brought up to seafloor at 0 Ma. The resultant maximum
temperature Tp,.x should be 128°C, and this value is close to the ones estimated from
steady subducting rate of 40 mm/yr (Timax = 134 £ 3°C). Thus, the kinetic calculation
that we consider does not change resulting thermal paths of at maximum a couple of

kelvins in maximum temperature Ty,,x.

We do not estimate the thermal path that mudstones from backstop may track using

kinetic simulations, because we cannot infer their reasonable thermal history. However,
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Table B.1: Estimated ages of clast samples based on nannofossil analysis (A, abundant;
C, common; R, rare; +, present but not counted).

c o o I ;
) ®© @© ®© el
O ¢ m m m <
age T & I I I I
s B © o o ®
m < m m m m
o
~— © © [{=} [ee]
(@) (@) O (@) (@)
Zone (Sissingh, 1977) Q ? ? Q Q
— ~ — — N ©
o O O (@) (@) o
o O O O O O
*
y
sample ID Z range - 6 &N I B M~ 0 o ~
S - = Y N O & @~
© O 0O © © o & & o -
O 0O O O O O O 0o o o
Abundancy R ¢C C A R A R R R R
Biscutum spp. +
Cretarhabdus conicus 1+
Helenea chiastia * |Jura—CC10 1
Manivitella pemmatoidea 1 2
Markalius inversus 1 1
Micrantholithus hoschulzii CC1-CC7 1 1 4 + +
Nannoconus bermudezii CC2-CC6 +
Nannoconus colomii CC1-CC6 +
Nannoconus steinmannii * |CC1-CC6 2 2 + +
Nannoconus spp. (narrow canal) CC1-CC6 8 1 + +
Rhagodiscus angustus CC7b—CC26 1
Rhagodiscus asper * [Berr.—Cen. 1 + 4
Rucinolithus cf. irregularis CC7-CC8 1
Watznaueria barnesae + 93 93 89 + 84 + + + |+
Watznaueria biporta 3
Watznaueria communis Jur.—Tur. +
Zeugrhabdotus embergeri * |l. Jur.—e. Cret. |+ 1 + 4 +
Total No. (%) 100 100 100

*Tethys: Tethyan type flora

if we use empirical relationship of equation (3.2), maximum temperatures are obtained
as Tmax(Ro = 0.89) = 139°C, Thax(Ro = 1.04) = 159°C, and Tiax(Ro = 1.19) = 176°C.
This means the minor differences of maximum temperatures between empirical and kinetic

equations, with no more than 10°C in the investigated mudstones.



166

Chapter B. Additional Materials for Chapter 3

Table B.2: Estimated ages of matrix samples from Section 4 of Core NSS-PC02 based on
nannofossil analysis (+, present but not counted).

5 214 b , 8
2 88 1 5 o =
S .32 £.2 8 g
Age E :“ OT D ) 5 r:u: o <." =] E?
S 28RS BeiBSIE BE S
< RgRET 4028 F48
S ESEQIESIESiESIE g 2
A5 RERS SERSES 2
on @"
Zig it i ia vl
5 < L W = = il G
Zone O (GRS © v ) Q 59 2i0
Qi AiTEIT IR TNITE Qo
CZ2 08 0si0202i0804i8%
SZ 8585828485887
=) g g g 2] =) £ =)
sample range 2 S 2 S 2 S S 2
— (] [0 <t LYa) O [ 0
Coccolithus miopelagicus 1. Olig.-Miocene + +
Coccolithus pelagicus Paleogene-recent + + + + + + + +
Cyclicargolithus abisectus NP24-NN4 +
Cyclicargolithus floridanus Paleog.-NN6 + + + + + + +
Dictyococcites bisectus NP16-NP25 +
w|Discoaster deflandrei Paleog.-Miocene + + +
'% Discoaster spp. .
o{Helicosphaera carteri Miocene-recent + + + + +
.g Helicosphaera euphratis Paleog.-mid. Miocene +
N|Reticulofenestra pseudoumbilicus |mid. Miocene-e.Plio. +
5 |Reticulofenestra spp. + + + + ;
© Sphenolithus abies Mio.-e.Plio. + +
Sphenolithus belemnos NN3 +
Sphenolithus distentus NP23-NP24 +
Sphenolithus heteromorphus NN3-NN5 +
Sphenolithus moriformis Paleog.-Miocene
Broinsonia matalosa Apt.-Campan.
Cruciellipsis cuvilleri CCl1-CC4 + + + + +
Eiffelithus turriseffelii CC9-CC26 +
Hayesites albiensis CC7-CC9 +
Hayesites irregularis CC7-CC8 +
Hayesites radiatus +
w|Helenea chiastia Jura-CC10 + + + + + +
O 5 v : :
3 Lithraphidites carniolensis Cretaceous + + +
24 Manivitella pemmatoidea + + + + + +
.% Micrantholites hoschulzii +
N|Nannoconus steinmannii Jura-CC6 + +
&|Nannoconus spp. +
= Retecapsa angustiforata CC2-CC26
Rhagodiscus asper Berr.-Cenomanian + + + +
Staurolithites crux + +
Watznaueria barnesae + + + + + + + +
Watznaueria biporta + + +
Watznaueria britannica Jura-CC9 + +
Zeugrhabdotus embergeri Alb-CC26 + + + +
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Table B.4: Random mean vitrinite reflectance data from matrix.

Sample# Ro (%) SD (%) N  Comments

MO003 0.50 0.19 76  Few reworked vitrinites

MO006 0.46 0.14 46  Few reworked vitrinites

MO11 0.64 0.18 70  Some inertinites

MO013 0.55 0.20 60  Some inertinites

MO016 0.64 0.29 50  Many vitrinites with high reflectance
MO019 0.63 0.21 90  Many vitrinites with high reflectance
MO021 0.62 0.20 75  Some inertinites

MO023 0.69 0.21 35 Few reworked vitrinites

M025 0.68 0.21 70  Few reworked vitrinites

MO026 0.56 0.22 100  Some inertinites, brown coals (N > 20)
Mo027 0.51 0.22 69  Many vitrinites with > 2.0%; brown coals (N > 20)
MO030 0.50 0.18 100 Some fusinites, brown coals (N > 20)




Appendix C

Additional Materials for Chapter 4

This supplementary material contains 4 additional sections (Sections C.1-C.4), and 14
supplemental figures (Figures C.1-C.14) for Chapter 4. Section C.1 notes geochemical
and sedimentary evidence for the studied Kumano Knoll No. 3 (KK#3) mud volcano in
the Nankai accretionary margin that shows that this mud volcano is currently active. Sec-
tion C.2 provides calculation of a elastic-wave velocity over the seawater column above the
studied KK#3 mud volcano. Section C.3 conveys porosity functions employed in the mud
conduits of the KK#3 mud volcano. Section C.4 addresses geothermal information of the
KK#3 mud volcano that constrains a downward profile of temperature in the mud conduits
of the mud volcano. All the mud volcanoes and IODP sites found in Sections C.1, C.3,
and C.4 are navigated in Figure 4.7a. Figures C.1-C.5 represent super-gathers of neigh-
boring 5 CMPs within the mud conduit, in order to show common high-amplitudes found
among the CMPs are candidates for seismic reflectors. Another example is demonstrated
in Figure 4.5. Figures C.6-C.9 provide normal moveout (NMO) corrections of selected
CMPs within the mud conduit of the studied submarine mud volcano, from the weighted
semblance-based velocity analysis. Figures C.10 and C.11 demonstrate trace similarity
among the given CMP and neighboring CMPs within the mud conduit. The similar ex-
amples are found in Figure 4.6. Figure C.12 shows deviation in velocity profiles among
neighboring CMPs in order to evaluate uncertainty in our velocity analysis. Figure C.13
represents porosity functions that constrain porosity profiles in the mud conduits of the

mud volcano in order to produce modeled velocities in Figure 4.7c. Figure C.14 shows
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Figure C.1: Super-gathers among neighboring 5 CMPs in the western part of the mud
conduit of the KK#3 mud volcano. (a) Velocity spectra of the super-gathers. The white
solid line draws automatic picking velocities, while the white dash line shows optimum
velocities. (b) Super-gathers in the western part of the mud conduit. (c) Moveout-operated
super-gathers applying the optimum velocities.

profiles of modeled velocities when the porosity inside an active mud volcano is assumed

to be unchanged downward for comparison of Figure 4.7c in Section 4.6.

C.1 Sedimentary evidence from the KK#3 mud volcano

At the KK#3 mud volcano in the Kumano basin of the Nankai margin (Figure 3a in
the main text), a high methane flux and randomly distributed clam shells have been
found [Kuramoto et al., 2001; Pape et al., 2014]. A short core, sampled at the KK#3
mud volcano during R/V Hakuho-maru (JAMSTEC, Japan) KH-11-9 Cruise, documents
poorly sorted sandy silt matrix of debris flow merely with a thin hemipelagic layer at the
surface. A large clast is also present at 20 cmbsf in the core, suggesting that the last

massive eruption is young enough not to having sunk back into the conduits against their
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Figure C.2: Super-gathers among neighboring 5 CMPs

conduit of the KK#3 mud volcano. (a)
super-gathers applying the optimum velocities.
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Figure C.4: Super-gathers among neighboring 5 CMPs in the eastern part of the mud

conduit of the KK#3 mud volcano. (a) Velocity spectra of the super

The white

gathers.

solid line draws automatic picking velocities, while the white dash line shows optimum

velocities. (b) Super-gathers in the central part of the mud conduit. (¢) Moveout-operated

super-gathers applying the optimum velocities.
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Figure C.5: Super-gathers among neighboring 5 CMPs in the eastern part of the mud
super-gathers applying the optimum velocities.
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Figure C.6: The NMO correction in CMP 36376, situated in the western part of the mud
conduit of the studied mud volcano. (a) A velocity scan map and optimum NMO velocities
produced from the weighted semblance-based velocity analysis. (b) The traces without
the NMO correction. (¢) NMO corrected traces. Some of seismic event points are guided
in red arrows to pilot the NMO correction.
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(a) Velocity Scan (CMP 36393) (b) Original (CMP 36393) (c) NMO (CMP 36393)

Figure C.7: The NMO correction in CMP 36393, situated in the central part of the mud
conduit of the studied mud volcano. (a) A velocity scan map and optimum NMO velocities
produced from the weighted semblance-based velocity analysis. (b) The traces without
the NMO correction. (¢c) NMO corrected traces. Some of seismic event points are guided
in red arrows to pilot the NMO correction.

background viscosity. Several core samplings from other cruises report the same picture
le.g., Kopf et al., 2013], as well as many rock fragments are observed on the crest [e.g.,
Kuramoto et al., 2001]. Thus, the KK#3 mud volcano is an active mud volcano with that
figures the last massive eruption no earlier than several hundred years ago, as estimated
from the sedimentation rate at the neighboring IODP Site C0002 [Ashi et al., 2009; Harris

et al., 2011].

C.2 Elastic-wave velocity in the seawater column

To convert the weighted semblance-based RMS velocity to the interval velocity at a cer-
tain depth produced in Section 4.5.2, the elastic-wave velocity in the overlying seawa-
ter column is required to calculate because the optimum velocities cannot be detected

from the semblance map in the water column. The seismic velocity at a certain wa-
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Figure C.8: The NMO correction in CMP 36407, situated in the central part of the mud
conduit of the studied mud volcano. (a) A velocity scan map and optimum NMO velocities
produced from the weighted semblance-based velocity analysis. (b) The traces without
the NMO correction. (¢) NMO corrected traces. Some of seismic event points are guided
in red arrows to pilot the NMO correction.
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Figure C.9: The NMO correction in CMP 36435, situated in the eastern part of the mud
conduit of the studied mud volcano. (a) A velocity scan map and optimum NMO velocities
produced from the weighted semblance-based velocity analysis. (b) The traces without
the NMO correction. (¢) NMO corrected traces. Some of seismic event points are guided
in red arrows to pilot the NMO correction.
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Figure C.10: Wiggle and raster plots of waveforms recorded in neighboring three CMPs
located in mud conduits of the studied submarine mud volcano, in order to see similarity
in traces between the given CMP and neighboring 2 CMPs: (a) Western part of the mud
conduits and (b) Central part of the mud conduits. Other examples are demonstrated in

Figure 4.6.
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Figure C.11: Local similarity in traces between the given CMP and neighboring 4 CMPs
within the mud conduit of the studied mud volcano. Local similarity is calculated with
the help of shaping regularization [Fomel, 2007b].
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Figure C.12: Deviation in RMS velocity profiles among neighboring 5 CMPs within the
mud conduit of studied mud volcano. The produced velocities have uncertainties of up to
+5% at deep depths within this time domain. Velocity profiles found in Figure 4.7c are
produced from the TWT over ~ 2.5-3.3 TWT s.
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ter depth in the seawater column is theoretically given by the isentropic sound of speed
in this study, using the thermodynamic properties to the Gibbs function and its tem-
perature and pressure derivatives [ Wagner and Pruf, 2002; Feistel, 2008]. Data of the
expendable conductivity-temperature-depth system (XCTD) measured at the neighbor-
ing site (136°31.28'E, 33°31.50’N), about 20 km southwestward from the studied mud
volcano, during the MR10-04 Leg 1 cruise in August 2010 are used to produce the down-
ward profiles of temperature, hydrostatic pressure, and salinity, with that are partially
extrapolated over the deeper depths. The pressure calculated here is also taken into ac-
count in derivation of model velocities. The XCTD data are available from the website

http://www.godac.jamstec.go.jp/darwin/cruise/mirai/MR10-04 legl /e.

C.3 Porosity profile in the mud conduits of the KK#3 mud

volcano

A porosity over the upper several tens of meters of an active submarine mud volcano
in the Nankai margin shows little fluctuation downward, as known from a recent deep-
drilling expedition into the body of a mud volcano. Porosity values inside the KK#5 and
KK#6 mud volcanoes in the Nankai margin display relatively narrow variations downward
within ¢ ~ 0.52+0.05 [Inagaki et al., 2009; Muraoka et al., 2011], suggesting that they may
suffer from little gravitational compaction resulting from their recent mud eruptions. In
practice, however, the porosity would be increased or decreased by expanding methane or
overburden over deeper depths of our interest. We thus take into account these effects by
incorporating porosity data obtained from other submarine mud volcanoes where previous
studies have reported porosity profiles at deep depths. The relationship between porosity
and depth in the mud conduits of a submarine mud volcano is given by a commonly used
equation:

¢(Z) = oo + (¢0 - ¢oo) exp(—kz)7 (Cl)

where ¢¢ is the initial porosity at the depth of z = 0, ¢ is the minimum porosity at
an infinite depth, and k is the compaction coefficient (m~1) [e.g., Athy, 1930; Rubey and

Hubbert, 1959]. These parameters are determined by the nonlinear least-squares estimates
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Figure C.13: Porosity profiles inside a submarine mud volcano. Red solid triangles, blue
and green open circles represent porosities of mud volcano deposits obtained from the Site
C9004 of the CK09-01 Leg 1 located at the center of the KK#5 mud volcano [Inagaki et al.,
2009], the ODP 160 Site 970A /970C /970D at Milano mud volcano, and the ODP 160 Site
971D /971E at Napoli mud volcano [Emeis et al., 1996], respectively (outliers removed).
Porosity functions are built using equation (C.1) with incorporating these measurement
data (see Section C.3). A best-fit curve between porosity and depth is illustrated in a black
solid plot. Possible values of the minimum porosity ¢~ examined here are constrained by
the porosity profiles at the IODP Sites C0002 [Expedition 315 Scientists, 2009] and C0009
[Saffer et al., 2010].
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of the model using measured porosity profiles from KK#5 mud volcano in the Nankai
[Inagaki et al., 2009], Milano and Napoli mud volcanoes in the eastern Mediterranean Sea
[Emeis et al., 1996] (Figure C.13). Since these submarine mud volcanoes are developed
at similar water depths, a difference in effective vertical stress among them is not major
concern. Porosity functions formulated here with being extrapolated over deep depths are

used to produce modeled velocities illustrated in Figure 4.7.

C.4 Thermal information inside the KK+#3 mud volcano

We assume the stationary temperature profile of the active KK#3 mud volcano, while the
temperature profile is fluctuated through the heat flow associated with the mud volcano’s
activity [e.g, Feseker et al., 2014; Pape et al., 2014]. Downhole temperature measurements
at the neighboring sites show thermal gradients over the deep-depths yield 42-43 K/km at
the IODP Site C0002 [Ashi et al., 2009; Sugihara et al., 2014] and 26 K/km at the IODP
Site C0009 [Saffer et al., 2010]. The thermal gradient of the neighboring active KK#5
mud volcano that are obtained by sediment temperature measurements from deep-drilling
has 29 K/km [Inagaki et al., 2012]. The surface heat flow from an active mud volcano often
has a higher value than a background heat flow observed from surrounding sedimentary
sequences [e.g., Goto et al., 2007; Kopf et al., 2013]. The surface heat flow in the basin
sedimentary sequences near the KK#3 mud volcano shows 44 mW /m? [Hamamoto et al.,
2011], but unfortunately no reliable surface heat flow from the KK#3 mud volcano has
been observed so far. The thermal gradient at the KK#3 mud volcano is thus assumed
to be AT = 0.042 K/m, as determined by an observed heat flow from its neighbor KK#4
Mud volcano (60 mW /m?) and a measurement of a thermal conductivity from matrix of
the mud volcano (1.44 W/m/K) using a needle probe from a piston core obtained at the
KK#3 mud volcano [Goto et al., 2007; Hamamoto et al., 2011]. Bottom water temperature
Ty is employed as a uniform value of 2°C, though the temperature variations are large

with up to £0.2°C in the studied area [Hamamoto et al., 2005, 2011; Pape et al., 2014].
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Figure C.14: Velocity profiles from the mud conduits of the KK#3 mud volcano (red lines),
sedimentary sequences outside the mud conduits (dark gray lines), and modeled velocities
below the top of the mud volcano with varying total methane mass fractions mg?fh = 0.2,
0.3, and 0.4% (green, blue, and cyan lines, respectively), and constant porosity profiles
¢(z) = 0.45, 0.50, and 0.55 (dash, solid, and dash-dot lines, respectively) for comparison.
Please see Figure 4.7c that demonstrates modeled velocities implemented the porosity
functions addressed in Section C.3.
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