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1. Introduction

Humankind has been aware of volcanic activity in this planet since ancient times. This can
be inferred from the remains of human settlements giving evidence of destruction by vol-
canic activity, and by the many myths around the world describing events that can be inter-
preted in relation to volcanic eruptions. Furthermore, such occurrences are evidenced by the
special words that some human groups created to designate the special cases of “fire moun-
tains”, thus distinguishing these from other (non-volcanic) mountains found in the same re-
gion. More recently, as suggested by [1] Cafion-Tapia and Szakdcs, films and television
shows devoted to exploring volcanoes have become very common, making it easier for the
general public to gain access to “firsthand” experiences concerning this type of natural phe-
nomenon. Consequently, it is only fair to say that at present almost everyone has an “intui-
tive” knowledge of what a volcano is [1]. In last years, many authors have devoted efforts to
provide some additional theoretical aspects about volcanism, and one of the most recent
publications is the book title “What is a volcano?” [1], addressing also a phylosophical ques-
tion about this topic.

The definition of volcano is often missed or just defined as "opening-in-the-ground” in the
textbooks. Starting from the classical Aristotelian requirements of a definition, it is shown
that only a definition that is part of a hierarchically organized system of definitions can be
accepted. Thus, conceptual constructs should reflect the same type of makeup as nature's
processes, which are hierarchically organized. Such a line of reasoning implies that a volca-
no should be defined by making an explicit mention of the hierarchy of systems to which it
belongs. Therefore, volcano can be defined as either a subsystem (i.e., the eruptive subsys-
tem) of the broader igneous system or as a particular type of igneous system (i.e., one reach-
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ing the surface of Earth). A volcano, viewed as a volcanic system, is composed of a magma-
generation subsystem, a magma transport subsystem, magma storage subsystem(s), and an
eruptive subsystem. The accurate definition and identification of each subsystem should al-
low distinction between individual volcanoes in both space and time. Minimal conventional
requirements need to be agreed upon by volcanologists to identify and recognize a particu-
lar volcano from other volcanoes, including those partially occupying the same space but
separated in time, or those partially overlapping in both space and time. Conceptual volca-
nology can be envisaged as addressing the issue of accurate definition of basic terms and
concepts, besides nomenclature and systematics, aiming at reaching the conceptualization
level of more basic sciences. In contrast to volcanologists, sedimentologists are not only in-
terested in “classical” volcanoes, but also in a second type, sedimentary volcanoes. This type
of volcano is helpful for sedimentologists in understanding the processes that occur in the
commonly unconsolidated subsoil, even after deep burial. Sedimentary volcanoes can be
grouped in three classes: mud volcanoes, sand volcanoes, and associated structures such as
water-escape and gas-escape structures. Sedimentary volcanoes have several characteristics
in common with “classical” volcanoes, including their shapes and the processes that contrib-
ute to their genesis, as well described by [2] and here reported. These two type of volcanoes
have largely similar morphologies, they overlap each other in size (large sedimentary volca-
noes reach size that compete with those of many classical volcanoes), and they have a gene-
sis that is comparable in many respect. For instance, comparison of the material flowing out
from classical and sedimentary volcanoes shows that the sedimentary outflows resemble ba-
saltic lava in the case of mud volcanoes, and acid lava in the case of sand volcanoes; this
results in sedimentary volcanoes that morphologically resemble shield volcanoes and strato-
volcanoes respectively.

It could be established that sedimentary volcanoes have, like the “classical” one, some kind
of magma chamber in the form of a gas-and/or liquid-bearing layer with increasing pressure
(either continuously, for instance, from the weight of the ever thickening sedimentary over-
burden, or incidentally, for instance, from an earthquake-induced shock wave). If the pres-
sure exceeds a threshold, the pressured gas and/or liquid (commonly pore water with
dissolved air or hydrocarbons) breaks upward through the overlying sediment, often fol-
lowing an already existing zone of weakness, to finally flow out at the sedimentary surface,
either subaerially or subaqueously. In fact, the material that rises up through the connection
between the source in the subsoil and the sedimentary surface behaves in several respects as
magma on its journey from the magma chamber to the vent or crater opening: Magma be-
comes more fluid and develops gas bubbles while rising owing to decreasing pressure, and
in sedimentary volcanoes with a deep-seated source the formation of bubbles also take
place. These similarities should be promoted a fruitful collaboration between the researchers
that can be mutually beneficial.

Among the sedimentary volcanoes, the mud volcanoes are the most interesting form many
points of view, as described in this chapter. Mud volcanoes and mud volcanism are some of
nature’s most anonymous, mysterious and undiscussed geological features, which have
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been studied for millennia. This is strong interested and is explained considering a number
of facts. First of all, thousands of mud volcanoes exist worldwide, defining and affecting the
habitat and the daily lives of the millions of people living amongst them. Secondly, mud
volcanism and mud volcano distribution is strongly connected to the formation and the dis-
tribution of the world’s petroleum assets, thus serving as an indicator for valuable natural
resources [3]. Thirdly, mud volcanoes offer an insight into otherwise hidden deep structural
and diagenetic processes, such as the formation of gas hydrates, mineral dissolution and
transformation, degradation of organic material and high pressure/temperature-reactions
[4]. Lastly, mud volcanism generally involves voluminous generation and emission of both
methane and carbon dioxide whereby most mud volcanoes serve as an efficient, natural
source of greenhouse gases and, consequently, play an important role in global climate dy-
namics [3,5-10].

Among fluid venting structures, mud volcanoes are the most important phenomena related
to natural seepage from the earth's surface [11]. Their geometry and size are variable, from
one to two meters to several hundred meters in height, and they are formed as a result of the
emission of argillaceous material and fluids (water, brine, gas, oil; [3,12-13]). They occur
globally in terrestrial and submarine geological settings: most terrestrial mud volcanoes are
located in convergent plate margin with thick sedimentary sequences within the Alpine-Hi-
malayan, Carribean and Pacific orogenic belts [14-21]. Mud volcanoes and mud diapirs are
responsible for the genesis of many chaotic deposits, such as mélanges, chaotic breccias and
various deformed sediments [22-24].

The normal activity of mud volcanoes consists of gradual and progressive outflows of semi-
liquid material called mud breccia or diapiric mélange. Explosive and paroxysmal activities
are interpreted as responsible for ejecting mud, ash, and decimetric to metric clasts. Mud
volcano breccias are composed of a mud matrix, which supports a variable quantity of cha-
otically distributed angular to rounded rock clasts, ranging in diameter from a few millime-
ters to several meters [i.e., 14,18]. Clasts are of various lithologies and provenances, derived
from the rocks through which the mud passed on its way to the surface or to the sea-floor.
Slumps, slides and sedimentary flows can also affect the entire structure of mud volcanoes,
even if gradients are very low.

The occurrence of mud volcanoes is controlled by several factors, such as tectonic activity,
sedimentary loading due to rapid sedimentation, the existence of thick, fine-grained plastic
sediments and continuous hydrocarbon accumulation [13,14,25-28].

A comprehensive study of submarine mud volcanoes is increasing in the last decades due to
the wide use of geophysical methods, in particular side scan sonar, and the increased accu-
racy of the positioning of bottom samplers. Reference [12] presented an up-to-date list of
known and inferred submarine mud volcanoes, describing their distribution, the mecha-
nisms by which they form, and associated gas hydrates accumulations (Figure 1). Reference
[12] clearly summarized the importance of research on submarine mud volcanoes, which is:
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1. they are a source of methane flux from lithosphere to hydrosphere and atmosphere
(greenhouse effect and climatic change);

2. they may provide evidence of high petroleum potential in the deep subsurface;

3. useful data about the sedimentary section in mud volcanic areas can be determined by
examination of rock fragments incorporated in mud volcanic sediments (breccia);

4. submarine mud volcanic activity may impact drilling operations, ring installations and
pipeline routings;

5. gas hydrates associated with deep-water mud volcanoes are a potential energy re-
source.

In this Chapter, we review the mud volcanism related to gas hydrate system. It is well
known that natural gas hydrate occurs worldwide in oceanic sediment of continental and
insular slopes and rises of active and passive margins, in deep-water sediment of inland
lakes and seas, and in polar sediment on both continents and continental shelves (Figure 2).
In marine sediments, where water depths exceed about 300 m and bottom water tempera-
tures approach 0° C, gas hydrate is found at the seafloor to sediment depths of about 1100
m. In polar continental regions, gas hydrate can be present in sediment at depths between
about 150 and 2000 m. Thus, natural gas hydrate is restricted to the shallow geosphere
where its presence affects the physical and chemical properties of near-surface sediment
[29].

Finally, we show an interesting case study in Antarctic Peninsula, where an important gas
hydrates reservoir and mud volcanism are associated [30-32].

2. The mud volcanoes

Mud volcanism is not one specific process and mud volcanoes are not uniform feature set-
tings; in fact, driving forces, activity, materials and morphologies may vary significantly
[3,12-13,35-37]. About 2000 mud volcanoes have been identified in the worldwide; however,
as exploration of the deep seas continues, this number is expected to increase substantially.
It is estimated that the total number of submarine mud volcanoes is between 7,000 and
1,000,000 [10,12].

The geographical distribution of mud volcanoes is strongly controlled by geological envi-
ronments in which they occur, as pointed out by reference [13]. In fact, mud volcanoes are
localized within the compressional zones, such as accretionary complexes, thrust and over-
thrust belts, forelands of Alpine orogenic structures, as well as zones of dipping noncom-
pensating sedimentary basins, which coincide with the active plate boundaries. The few
mud volcano areas out of these belts are attached to zones with high rates of recent sedi-
mentation, such as modern fans (including underwater deltas of large rivers) or intensive
development of salt diapirism.
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Figure 1. Map showing the worldwide locations of onshore (blue stars, after [33], with additions), known (red open
oval, without gas hydrates; solid red oval hydrate bearing), and inferred (solid yellow rectangle) submarine mud volca-
noes. The “possible sediment diapirs” mapped by [34] are also shown (open yellow rectangle). Modified after [12].

Figure 2. Map showing the worldwide locations of gas hydrate obtained by direct (open red pentagons) and indirect
(solid red pentagons) measurements. Modified after [29].
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Moreover, in all the mud volcano areas, there are suitable ““source” layers of muddy sedi-
ments in the deeper part of the sedimentary basins or in the vicinity of the decolements in
the accretionary complexes. Usually, this source is composed of fine-grained, soft material
of low density overlain by at least 1-1.5 km of denser sediments. All collision complexes,
where mud volcanoes are abundant, are characterized by thick sediment sequences caused
by thickening of accreted sediments. The same is valid for forearc and outer orogenic basins
where thickening is caused by thrusting and overthrusting. Enormous thickness is establish-
ed in the noncompensating sedimentary basins.

Finally, given that the mud volcanoes are situated in areas where hydrocarbons have been,
or are, actively being generated, there is a strong connection between the world mud volca-
no distribution and industrial oil and gas concentrations. In fact, the surrounding facies, be-
low and laterally adjacent to mud volcanoes, may be particularly favorable as both reservoir
and source environments for hydrocarbons, very often resulting in multilevel fields. Al-
though this relationship is not valid for many mud volcano areas, for modern accretionary
complexes in particular, it is established that present-day or recently active oil and especial-
ly gas generation are characteristic features for all of them.

Summarizing these brief comments the occurrence of mud volcanoes is strongly controlled
by [12]:

* recent tectonic activity, particularly compressional activity;
* sedimentary or tectonic loading due to rapid sedimentation, accreting or overthrusting;
* continuous active hydrocarbon generation;

* existence of thick, fine-grained, soft, plastic sediments deep in the sedimentary succes-
sion.

Here, we summarize the main locations of the mud volcanoes as described in [12-13] and
reported in Figure 1. The known or supposed mud volcanoes are irregularly clustered in
separated areas forming belts, which almost totally coincide with active areas of the plate
boundaries and zones of young orogenic structures. More than half mud volcanoes can be
related to the Alpine-Himalaya active belt, where the largest and best cone-shaped mud vol-
canoes occur, as resumed in [13]. The most active terrestrial mud volcano area with the
greatest number of mud volcanoes in the world is the Baku region of the Caspian Coast,
Eastern Azerbaijan. Along the Alpine-Himalaya active belt, mud volcanism has been recog-
nized in:

1. Mediterranean Ridge [28] and adjacent land areas (Sicily, Albania and Southern, Cen-
tral and Northern Italy [38]),

2. the forelands of Eastern Carpathians in Romania, Kerch and Taman Peninsulas [39,40],
3. Great Caucasus [40] and the Black Sea [27],

4. the area of Southern Caspian Sea (Azerbaijan and Turkmenistan [26,41], South Caspian
Basin [42], and Gorgon Plain in Iran),
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5. the Makran coast of Pakistan [43],
6. Southern Himalayas (India and China), and Burma.

Furthermore, the Alpine-Himalayas mud volcano belt continues to the south in the most NE
part of Indian Ocean on and around numerous forearc islands situated along the Indonesia
and Banda Arcs [22], Indonesia — Australia accretion and collision complexes [44], as well as
within the Banda accretionary complex offshore [22]. The greatest number of mud volcanoes
seems to be known on Timor Island at the southeast end of this belt.

The western flank of the Pacific ocean — from the Sakhalin Island/Sea of Ochotsk-area in the
north via Japan, Taiwan, the Marianas, Melanesia, Samoa and Australia to New Zealand in
the south — holds some 150 onshore individuals [3,7]. The total number of offshore mud vol-
canoes along this belt is not yet fully determined but can be expected to be even higher,
while the eastern flank of the Pacific Ocean is markedly less dense in mud volcanoes. Exam-
ples are known from and around the Aleutian Trench, Alaska, British Columbia, California,
Costa Rica, Ecuador and inland Peru [3,7].

In the Atlantic Ocean, several hundreds of both onshore and offshore mud volcanoes have
been recognized. The vast majority is concentrated along the Caribbean thrust belts and
within the Barbados accretionary complex [7], although smaller clusters/individual features
have been confirmed in connection to the Amazon and the Niger deltas [7,35], along the
Gulf of Cadiz [45], within the southern Canary basin [46] and offshore Portugal and Moroc-
co in the Alboran Basin [47].

Smaller numbers of mud volcanoes have also been described from the Mississippi delta [14],
Lake Michigan [3], Greenland [3], the North Sea [48], the Netherlands [49], and areas of salt
diapirism, such as in the Gulf of Mexico [50], Buzachi Peninsula (North-Eastern Caspian
Sea), where they are related to salt diapirism, and Alboran basin in the Western Mediterra-
nean [47].

The main components, that contribute to mud volcanoes formation and activities, are: mud
breccia, water and gas. The relative quantities and the exact qualitative properties of these
components vary, depending on local geology and processes at work.

Mud breccia is basically clasts in a clay mineral-rich matrix and is what makes up most mud
volcanic features. Whereas the mud typically stems from one specific carrier bed and thus is
characterized by a distinct geochemical signature and clast fragments. The first reflects sub-
surface mud volcanic conditions and processes (clay mineral dehydration/ transformation
processes), while the latter is derived from units through which the mud pass on its way to
the surface and are consequently of variable lithologies, sizes (up to 5 m) and shapes. Young
and forceful mud volcanoes generally extrude mud breccias with a very high clast-matrix
ratio (virtually clast-supported deposits), whereas the mud breccia of older mud volcanoes
may be virtually clast-free with a mud content of up to 99% [3,13,35]. The latter are often
related to the final phase of an eruptive cycle, when loose wall rock along the conduit has
already been removed by the ascending mud [3].
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main crater
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flank vents
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sediments

Figure 3. Basic structure and main elements of a conical mud volcano. Gryphones are small secondary vents shorter
than 3 m, which may form around the craters and in many places on the mud volcano body. These commonly emit
gas, mud and water and are characterized by complete absence of solid rock fragments. Modified after [13].

The water in mud volcanic extrusions typically stems from both shallow and deep sources
and is normally derived through a variety of processes. Consequently, exact geochemical
properties may vary virtually indefinitely [4,51]. However, clay mineral-dehydration water
often makes up a significant proportion [3]. Mud breccia and mud volcanic water commonly
mix whereby mud volcanic flows of different viscosities may form. During fierceful mud
volcanic eruptions, up to 5 million cubic metres of such flow-material can be expelled [35].

Methane is almost always the dominated gas (70 - 99%) produced and emitted through mud
volcanism. Moreover, since most mud volcanoes are very deeply rooted, thermogenic, 14C-
depleted (fossil) methane is more common than biogenic [3,10,52]. Remainders typically in-
clude (in falling order) carbon dioxide, nitrogen, hydrogen sulfide, argon and helium
[10,13,37].

As clearly explained in [13], a mud volcano comprises two main morphological elements: an
internal feeder system and an external edifice (Figure 3). The characteristics of these ele-
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ments are highly dependent on prevailing mud volcanic processes and in some cases, vice
versa. Usually, mud volcano breccia is extruded from one major funnel called central or
feeder channel (as summarized in Figure 3). Near the surface, several accompanying smaller
flank or lateral pipes may split off the feeder channel. The outcrop of the feeder channel
(usually situated on the summit of mud volcano) is called the main vent or central crater be-
ing of varied shapes: from planoconvex or flat and bulging plateau circled by a bank to
deeply sunk rim depression (a caldera-type crater). Calderas form when a volcano collapses
because a large mass of mud volcano breccia has drained through a lower vent, or because
of the expulsion of a massive amount of material in an explosive eruption. Such eruptions
have been known to destroy the entire structure of a volcano. Craters associated with the
lateral vents are called satellite, parasite or secondary craters (Figure 3). Sometimes they col-
lapse and are filled up by water that collects to form small lakes. Such a pool bubbling clay
and gas is called salses. Numerous small secondary vents called gryphons may form around
the craters and in many places on the mud volcano body. These commonly emit gas, mud
and water and are characterized by complete absence of solid rock fragments. Although the
numerous visual observations show that the gas seeps are very common on submarine mud
volcanoes [53-55], the migrated gas is often captured in the near bottom sediments as gas
hydrate [12,56-58] or trapped in shallow reservoirs to erupt when overpressured to form
pockmarks on the seafloor [59]. The extruded mud volcano breccia spills in relatively thin
sheets from the craters over the landscape in the form of broad fan-shaped or tongue-like
flows up to several hundred meters wide and some kilometers long, as explained in refer-
ence [41]. This builds up the body of the mud volcano, typically covering some thousands of
square meters with each phase of activity, totaling up to few tens of square kilometers. The
fluid behavior of the mud volcano breccia is attributed to its high water content, which on
land rapidly evaporates to drain the mud over a period of several days. Slumps and slides
often form on the entire structure of the mud volcanoes even in very low gradients.

The internal feeder systems of mud volcanoes are not well known. Although studies imply
rather large variabilities, typically, they consist of one main, central and deeply (km-scale)
rooted feeder channel through which most mud volcanic material is transported. Feeder
channels can be everything from cylindrical to irregular shaped to mere slits [3]. Near the
surface, feeder channels tend to thin off and split into smaller flanking/lateral pipes [21]. The
diameters of volcanic conduits may have a profound impact on mud volcanic activity. Gen-
erally, the wider is the conduit, the more voluminous is the expulsions [3].

The external morphology and expression of a mud volcano may vary almost indefinitely.
The outcrops (vents/craters) of feeder channels may take on a variety of shapes; from plano-
convex or flat and bulging to concave collapse structures of caldera-type [13]. Some mud
volcanoes are in fact rather anonymous and quiescent features appearing merely as solitary,
mm-scale openings in the ground surface, gently seeping small amounts of high-viscosity
mud breccias and/or gas [14,35]. However, some mud volcanoes are really hazardous and
expel voluminous amounts of low-viscosity mud-flows through frequent, short but fierce
and explosive eruptions. This type of mud volcanoes typically evolve into kilometre-scale,
chaotic and complex landscapes that comprise anything from clusters of cone-shaped mor-
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phologies rising hundreds of meters above ground to mounds, ravines, pools of bubbling
mud and/or water (salses), mud cracks and clastic lobes [14,37,60]. During and following
this type of active, hazardous mud volcanism, combustion of emitted gases may produce
columns of flames rising up to several hundreds of meters, potentially burning for months
or even years [37].

Mud volcanism and mud volcanoes have repeatedly been suggested to be a natural way of
degassing the Earth’s interior [13,61-63]. Although mud volcanism typically does involve
thermogenic formation and expulsion of gas (a natural process which to a certain extent in-
dependently would be able to force deeply buried material to the surface), such processes
can hardly serve to explain the truly vast extent and scope of worldwide mud volcanism. As
resumed by [35], based on the large differences observed in shape, size and eruption styles
of mud volcanoes, it is clear that there is no unique model that can explain them all. Ulti-
mately, mud volcanoes form either as clay diapirs that reach and pierce the ground-surface
or as fluidized argillaceous sediments, together with water and various amounts of hydro-
carbon gases, which are extruded along structural weaknesses (conduits) within subsurface
sediments/rocks [12].

Either way, a fundamental requisite for mud volcanism is the existence of a potential source
domain; solitary or interconnected argillaceous carrier beds for migrating fluids and gases.
Yet, for the actual volcanic processes to commence and continue — for gases to form and/or
for the source material to move, rise and eventually extrude from the subsurface — addition-
al forces are needed.

Since a vast majority of the mud volcanoes that are known today exist along active plate
boundaries and, more specifically, along the anticlinal crests of accretionary prisms (the ma-
jor depositional centres), compression through convergent tectonics and associated high
sediment accumulation rates are generally considered the major mechanisms of mud vol-
canic initiation and sustenance. Argillaceous sediments and rocks are typically very weak
and therefore, under the influence of compressive forces, prone to various clay mineral al-
teration and dehydration processes [4] and to brittle deformation through e.g. faulting.
Moreover, under these very conditions, thermal and/or biogenic formation of hydrocarbon
gases typically increases. Together, this implies formation of potential volcanic conduits, lig-
uefaction, fluidization, gasification, density inversion, pore pressure increase and focused
migration of mud volcanic material —i.e. mud volcanism — either through diapirism or along
newly created faults/conduits [3,13-14,35].

Finally, the same forces and processes may explain mud volcano formation along passive con-
tinental margins. Although tectonic forces are lacking in such settings, compression, fluidiza-
tion, gasification, overpressuring and mud volcanism may take place due to loading through
rapid deposition of large amounts of (argillaceous) sediments [12,35]. A common characteris-
tic for regions of mud volcanism located outside convergent plate boundaries is that mud vol-
canoes measure greatly in the vertical section (at least 2 km) and that they are a compound of
undercompacted sedimentary sequences [7]. Consequently, although local settings may vary,
the main mechanism of formation for mud volcanoes and mud volcanism is compression — ei-
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ther through tectonic forces or through high sediment accumulation rates — eventually leading
to overpressuring through in situ gas generation, fluidization and liquefaction.

The fact that most mud volcanoes present regular, distinct seasonal changes in activity on a
range from weeks to tens of years suggests an influence of more than one external agent,
initiating and sustaining some kind of continuous, cyclic, natural pressure-recharging proc-
ess within the mud volcanoes themselves. Astronomical cycles — e.g. orbital forcing — un-
doubtedly serve as one explanation. Through altering atmospherical and hydrospherical PT-
conditions over a great variety of time-scales, such cycles may also affect and alter PT-
conditions in the sediments and thereby mud volcanic processes via e.g. fluid access and
bacterial activity (gas formation; [6]). As an example, after studying mud volcanism in the
south Caspian Basin, reference [37] concluded that as much as 60% of all eruptions took
place during either new or full moon. Moreover, reference [35] suggested a relationship be-
tween an 11- year cycle of the sun’s activity and the initiation of mud volcano eruptions.

Even though astronomical cycles may explain most of the steady variations in mud volcanic
eruption frequencies, they do not explain the rather frequent, more irregular eruptions.
These are rather a result of ample, sudden seismic activity. If earthquake hypocenters are lo-
cated within/in connection to potential carrier beds, shaking of the sediments may induce
liquefaction and faulting as well as a significant increase in gas formation and dissociation.
Consequently, rather sudden, eruptive mud volcanism may be generated in a normally qui-
escent or even dormant mud volcanic area [3,13,37,64].

Mud volcanoes can be related also to volcanic basins, which are sedimentary basins with a
significant amount of primary volcanic rocks (e.g. sills and dykes). Pierced basins are sedi-
mentary basins with many piercement structures such as mud volcanoes, dewatering pipes
and hydrothermal vent complexes. Sills are tabular igneous intrusions that are dominantly
layer parallel. They are commonly subhorizontal. Sills may locally have transgressive seg-
ments (i.e. segments that cross-cut the stratigraphy). Hydrothermal vent complexes are
pipe-like structures formed by fracturing, transport and eruption of hydrothermal fluids.
These complexes are dominated by sedimentary rocks with a negligible content of igneous
material. Sediment volcanism is surface eruption of mud, sand or sediment breccias through
a vent complex [65].

Hydrothermal and phreatomagmatic vent complexes are recognized from several sedimen-
tary basins associated with large igneous provinces, including the Voring and Mere basins
off mid-Norway [66-68], the Faeroe-Shetland Basin [e-g- 69], the Karoo Basin in southern
Africa [e.g. 70-75], in the Karoo-equivalent basins of Antarctica [76-78], and the Tunguska
Basin in Siberia, Russia [e.g. 79]. Generally, the hydrothermal vent complexes represent con-
duit zones up to 8 km long rooted in contact aureoles around sill intrusions, where the up-
per part of the vent complexes comprise eyes, craters or mounds, up to 10 km in diameter
[68]. An important consequence of intrusive activity in sedimentary basins is that the mag-
ma causes rapid heating of the intruded sediments and their pore fluids, causing expansion
and boiling of the pore fluid [75], and metamorphic dehydration reactions. These processes
may lead to phreatic volcanic activity by the formation of cylindrical conduits that pierce
sedimentary strata all the way to the surface. The hydrothermal vent complexes thus repre-
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sent pathways for gases produced in contact aureoles to the atmosphere, with the potential
to induce global climate changes [80]. Consequently, constraints on processes leading to the
formation of hydrothermal vent complexes in sedimentary basins, their abundance and
structure may lead to a better understanding of the causes of the abrupt climate changes that
are associated with many large igneous provinces [e.g. 81, 82]. References [65, 83]have ana-
lyzed the presence of voluminous basaltic intrusive complexes, extrusive lava sequences
and hydrothermal vent complexes in the Karoo basin. In this area, the hydrothermal vents
pierce the horizontally stratified sediments of the basin. They study have documented that
the hydrothermal vent complexes were formed by one or a few phreatic events, leading to
the collapse of the surrounding sedimentary strata. They proposed a model in which hydro-
thermal vent complexes originate in contact metamorphic aureoles around sill intrusions.
Heating and expansion of host rock pore fluids resulted in rapid pore pressure build-up and
phreatic eruptions. The hydrothermal vent complexes represent conduits for gases and flu-
ids produced in contact metamorphic aureoles, slightly predating the onset of the main
phase of flood volcanism.

Reference [84] investigated and understood the mechanisms responsible for the formation of
piercement structures in sedimentary basins and the role of strike-slip faulting as a trigger-
ing mechanism for fluidization. For this purpose four different approaches were combined:
fieldwork, analogue experiments, and mathematical modeling for brittle and ductile rheolo-
gies. The results of this study may be applied to several geological settings, including the
newly formed Lusi mud volcano in Indonesia [84], which became active the 29th of May
2006. Their integrated study demonstrates that the critical fluid pressure required to induce
sediment deformation and fluidization is dramatically reduced when strike-slip faulting is
active. The proposed shear-induced fluidization mechanism explains why piercement struc-
tures such as mud volcanoes are often located along fault zones. Their results support a sce-
nario where the strike-slip movement of the Watukosek fault triggered the Lusi eruption
and synchronous seep activity witnessed at other mud volcanoes along the same fault. The
possibility that a drilling, carried out in the same area, contributed to trigger the eruption
cannot be excluded. However, so far, no univocal data support the drilling hypothesis, and
a blow-out scenario can neither explain the dramatic changes that affected the plumbing
system of numerous seep systems on Java after the 27-05-2006 earthquake. Reference [85]
have combined satellite images with fieldwork and extensive sampling of water and gas at
seeping gryphones, pools and salsa lakes at the Dashgil mud volcano in Azerbaijan in order
to investigate the fluid-rock interactions within the mud volcano conduit. The gas geochem-
istry suggested that the gases migrate to the surface from continuously leaking deep seated
reservoirs underneath the mud volcano, with minimal oxidation during migration. Howev-
er, variations in gas wetness can be ascribed to molecular fractionation during the gas rise.
In contrast, the water shows seasonal variations in isotopic composition and surface evapo-
ration is proposed as a mechanism to explain high water salinities in salsa lakes. By contrast,
gryphones have geochemical signals suggesting a deep-seated water source. This study has
demonstrated that the plumbing system of dormant mud volcanoes is continuously re-
charged from deeper sedimentary reservoirs and that a branched system of conduits exists
in the shallow subsurface. While the gas composition is consistently similar throughout the
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crater, the large assortment of water present reflects the type of seep (i.e. gryphones versus
pools and salsa lakes) and their location within the volcano.

In last decade, many researchers conducted in Karoo have pointed out an interesting link
between hydrothermal venting (potential sand/mud volcanoes on the surface) and maar-di-
atreme volcanism (eg. magma - water interaction driven explosive volcanism). The hydro-
thermal vent complexes identified in this area have previously been termed diatremes and
volcanic necks, and have, since the pioneer work of references [70,71], been interpreted as
the result of phreatic or phreatomagmatic activity [e.g. 72,74,86-90]. Some hydrothermal
vent complexes are spatially associated with sill intrusions, but a direct relationship between
conduit zones and contact aureoles cannot be demonstrated because of lack of exposures
and boreholes. A general genetic relationship between sills and vent complexes is, however,
supported by interpretations of seismic data from the Voring and Mere basins of offshore
mid-Norway, where it is shown that hydrothermal vent complexes are rooted in aureole
segments of sill intrusions [68,75]. The general lack of igneous material in the hydrothermal
vent complexes strongly suggests that they are rooted in a zone without major magma disin-
tegration. Reference [65] have recently proposed a model of vent complex formation by
heating and boiling of pore fluids in contact aureoles around shallow sills [75]. In this mod-
el, boiling of pore fluids may occur at depths as great as c. 1 km, and overpressure and pos-
sibly venting occur if the local permeability is low. Thick sills are common in the Stormberg
Group sediments, at least in the Molteno Formation, which can be assumed to have caused
shallow (1 km) boiling and expansion of pore fluids in contact aureoles. A high-permeability
host rock requires a very rapid pressure build-up compared with permeability to initiate hy-
drofracturing. Following hydrofracturing, the gas phase may expand and lead to a velocity
increase during vertical flow through the conduit zone. Thus, the vent formation mechanism
bears resemblance to shallow breccia-forming processes in hydrothermal and volcanic sys-
tems [e-g- 76,91,92].

In systems dominated by fragmentation of magma (e.g. kimberlite pipes and diatremes), the
resulting conduit zone will comprise mixtures of sediments and igneous material, and asso-
ciated surface deposits dominated by pyroclastic material [e.g. 91-94]. Kimberlite pipes are
generally formed from fragmentation of deep dyke complexes [e.g. 92,93], and this mecha-
nism may also explain the formation of the phreatomagmatic complexes in the Karoo Basin
[e.g. 95,96]. As very well explained by [97], kimberlitic diatremes are the most important
economically, but despite decades of research, numerous open pit and underground mines,
and hundreds of kilometers of diamond drilling, they remain poorly understood in volcano-
logical terms, with multiple and strongly conflicting models in place. Reference [97] at-
tempted an evenhanded review of maar diatreme volcanology that extends from mafic to
kimberlitic varieties, and from historical maar eruptions to deeply eroded or mined diat-
reme structures.concentrated their study to convinced that increased understanding of other
maar-diatremes will drive advances in kimberlite volcanology, and is best accomplished by
integrating information from all parts of all types of maar-diatreme volcanoes, and from
both subsurface and surface observations.
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Finally, it is important to mention that several study [i.e. 98,99] have highlighted the impor-
tance of the emplacement environment of volcanism in causing global environmental cli-
mate changes. They suggested that an understanding of the triggering mechanism and
consequences of previous climatic changes driven by carbon gas emissions is highly relevant
for predicting the consequences of current anthropogenic carbon emissions, as these events
are likely of similar magnitude and duration.

3. The gas hydrates

Natural gas hydrates are a curious kind of chemical compound called a clathrate. Clathrates
consist of two dissimilar molecules mechanically intermingled but not truly chemically
bonded. Instead one molecule forms a framework that traps the other molecule. Natural gas
hydrates can be considered modified ice structures enclosing methane and other hydrocar-
bons, but they can melt at temperatures well above normal ice [i.e., 100]. At about 3 MPa
pressure, methane hydrate begins to be stable at temperatures above 0 °C and at about 10
MPa it is stable at 15 °C [101]. This behavior has two important practical implications. First,
it is a nuisance to the gas company. They have to dehydrate natural gas thoroughly to pre-
vent the formation of methane hydrates in high pressure gas lines. Second, methane hy-
drates will be stable on the sea floor at depths below a few hundred meters and will be solid
within sea floor sediments [102]. Masses of methane hydrate "yellow ice" have been photo-
graphed on the sea floor. Chunks occasionally break loose and float to the surface, where
they are unstable and effervesce as they decompose.
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Figure 4. Left: Methane hydrate phases. Right: Typical occurrence of the gas hydrate stability zone on continental
margins. A water depth of 1,200 m is assumed. The viola line represents the geothermal curve, while the red line is the
gas hydrate stability curve. The orange line is the base of gas hydrate stability zone (GHSZ).
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Figure 4 shows the combination of temperatures and pressures (the phase boundary) that
marks the transition from a system of co-existing free methane gas and water/ice solid meth-
ane hydrate, which forms at low temperature and relative high pressure. When conditions
move to the left across the boundary, hydrate formation will occur. Moving to the right across
the boundary results in the dissociation of the gas hydrate, releasing free water and methane.

The phase diagram reported in Figure 4 shows a typical situation on continental shelves. As-
suming a seafloor depth of 1,200 m, temperature steadily decreases with water depth, and a
minimum value near 0° C is reached at the ocean bottom. Below the sea floor, temperatures
steadily increase, so the top of the gas hydrate stability zone (GHSZ) occurs at roughly 400
m, while the base of the GHSZ is at 1,500 m. From the phase diagram, it appears that hy-
drates should accumulate anywhere in the ocean-bottom sediments where water depth ex-
ceeds about 400 m. Very deep (abyssal) sediments are generally not thought to house
hydrates in large quantities. In fact deep oceans lack both the high biologic productivity
(necessary to produce the organic matter that is converted to methane) and rapid sedimenta-
tion rates (necessary to bury the organic matter) that support hydrate formation on the con-
tinental shelves. Note that the conditions for gas hydrate formations are present also in sea
water, but gas concentration is always not sufficient for their formations.

The gas hydrate phase is affected by gas mixture and pore-fluids composition (salinity). It is
known that the presence of only a small percentage of higher hydrocarbons (such as ethane
and propane) shifts the phase boundary to higher temperature (at constant pressure). The
effect is that the base of GHSZ is shifted to greater depths [100,103]. Analogous to the effect
of salt on the freezing point of water, if pore-fluids composition is brine, the phase boundary
is shifted to lower temperatures at a given pressure and thus base of GHSZ will be shallow-
er, as demonstrated by different authors [i.e., 204. Figure 5] shows a comparison among sev-
eral gas hydrate stability models proposed in literature. The black line indicates the methane
hydrate stability in brine water with a salinity of 3.5 % [105]. The red lines are evaluated by
using the equations reported in [100] which consider fresh water. The solid red line indicates
the methane hydrate stability curve and the dashed red line the hydrate stability curve con-
sidering a mixture of methane (90%), ethane (5%) and propane (5%). The blue lines are the
hydrate stability in fresh water considering pure methane (solid line) and a mixture of meth-
ane (90%) and ethane (10%) by using the empirical expression proposed by [106]. Reference
[107] obtained empirical equation for methane hydrate system in function of salinity. The
green lines represent the gas hydrate stability considering the following salinity values: 0.0%
(i.e. fresh water; solid line), 2 % (dotted line), 3.5 % (dashed line), and 5 % (dashed-dotted
line). Finally, the magenta line indicates the stability for system of pure methane and water,
following the approach of Reference [108]. Note that the methane hydrate stability curves in
fresh water obtained from the proposed models are almost coincident, while the case con-
sidering salt water shows differences between the considered approaches.

The stability of methane hydrates on the sea floor has several implications [i.e., 109,110].
First, they may constitute a huge energy resource [111]. Second, natural and man-made dis-
turbances may cause their destabilization causing the release of huge amounts of fluids (gas
and water) and affecting slope stability. Finally, methane is an effective greenhouse gas (26
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times more powerful than carbone dioxide), and large methane releases may explain sudden
episodes of climatic warming in the geologic past. Some authors suggested that gas hydrate
dissociation influenced significantly climate changes in the late Quaternary period [112-115].
The Clathrate Gun Hypothesis [116] suggests that past increases in water temperatures near
the seafloor may have induced such a large-scale dissociation, with the methane spike and
isotopic anomalies reflected in polar ice cores and in benthic foraminifera [115]. Reference
[117] suggested that methane would oxidize fairly quickly in the atmosphere, but could
cause enough warming that other mechanisms (for example, release of carbon dioxide from
carbonate rocks and decaying biomass) could keep the temperatures elevated.

Gas hydrates in marine environments have been mostly detected from analysis of seismic
reflection profiles, where they produce remarkable bottom-simulating reflectors (BSRs;
[100,118]). Generally, the BSR is a very high-amplitude reflector that is associated with a
phase reversal that approximately parallels the seafloor [119]. This phase reversal, which re-
sults from a strong acoustic impedance contrast between the layers, may indicate that sedi-
ments above the BSR are extensively filled with gas hydrates and sediments below it are
filled with free gas in the pore space [i.e., 120-122]. Because the BSR follows a thermobaric
surface rather than a structural or stratigraphic interface, it is normally observed to crosscut
other reflectors [123].

Several studies [i.e. 30] revealed a seismic reflector below the BSR that can be associated
with the base of the free gas zone, called base of the free gas reflector (BGR). The scientific
community have been devoted much effort in studying marine sediments containing gas
hydrates to characterize the hydrate reservoir and to quantify the gas trapped within sedi-
ments from seismic data analysis [i.e., 31,122,124,125]. To reach this goal advanced techni-
ques have been developed. In fact, the BSR, detected from seismic data, is an easily
recognizable indicator of the presence of hydrate, but it does not provide information direct-
ly on the concentration of hydrate and free gas or their distribution. One approach to esti-
mate hydrate and free gas concentration is from seismic velocity (primarily P-wave velocity,
Vp), obtained through advanced seismic analysis and/or modeling of data from a multi-
channel seismic streamer, using techniques such as common-image gathers analysis [i.e.,
32], one dimensional waveform inversion [i.e., 126], and amplitude versus offset analysis
[i.e., 127]. The obtained velocity can be translated in terms of concentration by using theoret-
ical models [i.e., 127,128]. Figure 6 reports an example of compressional and the shear (Vs)
velocity versus gas hydrate and free gas saturation in pore space by using two models: the
Biot theory [129] and the approximation for seismic frequency [128]. Note that in presence of
high hydrate concentration, the velocity increases significantly, while, if we suppose uni-
form distribution of free gas in the pore space, it is sufficient a small content of free gas to
reduce drastically the velocity.

Recently, the international community has considered CO, sequestration as a possible
means of offsetting the emission of greenhouse gases into the atmosphere [130]. Some stud-
ies have considered confining CO, hydrate directly to shallow sediments on the deep sea
floor, but this approach would not be permissible under the above international conven-
tions. In the case of hydrates, several studies have investigated the use of injected CO, to lib-
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erate methane gas from hydrate in sediments, and in the process lock up CO, in CO, hydrate
[i.e., 131]. The CO, storage program is a further reason to assess the feasibility of mapping
and monitoring the reservoir by means of an efficient seismic analysis [132,133] and to ob-
tain information about hydrate and free gas concentrations in a time-effective way.
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Finally, it is worth to mention that gas hydrates cannot survive for long geological times ei-
ther because buried sediments are submitted to increasing geothermal conditions or are tec-
tonically uplifted. In fossil sediments, the study of the interaction between seep-carbonates,
hydrate destabilization and sediment instability is particularly difficult, owing to the lack of
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a direct recognition of fluid seepages and to the absence of precise quantifications of paleo-
environmental factors (pressure, temperature, paleodepth) conditioning hydrate stability
conditions [134]. Following present-day analogues, the only means to infer a possible role of
gas hydrates in fossil seep-carbonates are geochemical (oxygen isotope signature) and tex-
tural (presence of distinctive sedimentary features such as breccias, pervasive non-systemat-
ic fractures, soft sediment deformation) described in clathrites. Additional evidences can
derive from the close association between seep-carbonates and sedimentary instability, and
the large dimensions of seep-carbonate masses bearing brecciated structures. Recently, [134]
studied cold seep-carbonates and associated lithologies in the northern Apennines and high-
lighted the seepage activity and the possible relationships with gas hydrate destabilization.
In this geological context, many seep-carbonates are characterized by negative 013C and
positive 0180 values, by various types of brecciated structures and fluid-flow conduits, and
are associated with intense sediment instability such as slumps, intraformational breccias
and olistostromes.

Many authors have focused their attention on the possible modes of gas hydrate formations.
Here, we report the study proposed by [135], which clearly summarized the possible mode
of gas hydrate formation and produced a cartoon of gas hydrate system (Figure 7). They en-
visioned three possible modes of hydrate formation.

First, dipping permeable layers may focus gas flow and drive large amounts of free gas into
the regional gas hydrate stability zone (Figure 7, number 1, inset). This is illustrated with a
dipping stratigraphic layer in Figure 7; however, the permeability conduit could also be a
fault or fracture. Beneath the GHSZ, the permeable layer draws gas from the surrounding
material over an extensive source region, because of its high permeability and resultant low
capillary entry pressure [136]. In this environment, gas rapidly enters the GHSZ and salinity
rises as hydrate forms. The increased salinity inhibits further hydrate formation, which al-
lows free gas to coexist with hydrate within the GHSZ. This process is repeated and the gas
chimney rapidly propagates to the seafloor. Within the chimney, hydrate concentration in-
creases upward toward the seafloor, where the system is furthest from equilibrium (Figure
7, number 1, inset). At the base of the gas chimney, the BSR will be diminished because gas
is continuously present across the base of the GHSZ. These types of gas chimneys may be
present, for example, at South Hydrate Ridge [109,137,138], at Blake Ridge [139-142] and
along the Norwegian margin [143,144].

A second form of focused gas flow is illustrated in Figure 7 (number 2, inset). In this case,
gas concentrates beneath the topographic crest of the seafloor structure. On the flanks of the
structure, gas is trapped beneath the low-permeability base of the hydrate stability zone.
Buoyancy drives the gas laterally toward the shallowest zone beneath the regional hydrate
stability zone. The gas pressure is at a maximum at this location and ultimately the gas will
drive its way through the GHSZ creating a gas chimney. As illustrated, the gas vent does
not penetrate to the seafloor.

At the flanks of the topographic structures, a low permeability hydrate seal rapidly devel-
ops at the base of the GHSZ as illustrated in case 3 (Figure 7, number 3, inset). Hy-
drates are formed when water flows up through the GHSZ. Even in this low-flux example,



An Overview of Mud Volcanoes Associated to Gas Hydrate System
http://dx.doi.org/10.5772/51270

the gas supply is large enough to create a separate gas phase that migrates upward by buoy-
ancy. The changes in salinity during hydrate formation are too small for a three-phase
zone to develop, and hence all free gas is crystallized as hydrate at the base of the GHSZ
(Figure 7, number 3, inset). As hydrate forms, the permeability drops and a capillary seal
to gas is formed. In these circumstances, either the gas pressure will build until it frac-
tures the overlying column, or if there is another pathway present, the gas will flow up-
ward but underneath the low-permeability cap of the base of the GHSZ (Figure 7). Finally,
far from where any methane gas flow is focused but where there is upward flow of wa-
ter, low concentrations of hydrate may be deposited within the RHSZ but not at its base
(Figure 7, number 4, inset).
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Figure 7. Cartoon of the gas hydrate reservoir system. Four characteristic forms of hydrate deposit are shown. (1) Gas
chimney sourced by permeable conduits. Gas is focused along permeable conduits beneath the hydrate stability zone.
Focused flow penetrates the GHSZ and self-generates a three-phase pathway to vent gas to the seafloor. (2) Gas chim-
ney sourced by gas trapped beneath the GHSZ. Gas is focused along the base of the GHSZ and trapped beneath the
crest of the structure. Gas builds up until it begins to form a chimney through the GHSZ. (3) Capillary sealing and later-
al migration. On the flanks of the structure, hydrate formation rapidly forms capillary seals to gas and the gas is driven
laterally to the highest structural point. (4) Aqueous flow and hydrate formation. Far from the crest, water with dis-
solved methane migrates upward and deposits hydrate within the GHSZ. Modified after [109].

The simulations of [109] provide insight into how gas chimneys form and sustain them-
selves within the GHSZ. The penetration of gas into the GHSZ is controlled by a competi-
tion between the basal supply of gas and the lateral diffusion of salt. The gas flow is driven
primarily by buoyancy: as a result, the natural tendency for gas is to flow vertically even
when permeability is reduced by hydrate formation. In addition, salt diffusivity is extremely
low; thus high salinity zones within chimneys can be maintained for long times, particularly
if there is continued supply of gas to form more hydrate and maintain salinity. Finally, later-
al salt diffusion concentrates hydrate at the margins of the chimney; this further lowers the
salt diffusivity and further limits salt loss.
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Reference [135] showed that at South Hydrate Ridge, gas is supplied at a rate 10 times great-
er than is depleted by hydrate formation due to salt diffusion. Salt loss by diffusion, and
hence the amount of methane needed to form hydrate to replace the salt, is independent of
the vent half-width. In general, if the flux of methane supplied is greater than the loss due to
diffusion, a chimney will be created and maintained at three-phase equilibrium (Figure 7,
number 1, inset). However if the gas flux supplied is less than the loss due to diffusion, the
chimney will only penetrate a short distance within GHSZ and free gas will not reach the
seafloor (Figure 7, number 2, inset).

4. The gas hydrate in submarine mud volcanoes

The jointly occurrence of submarine mud volcanoes and gas hydrate has been reported by
many authors in world-wide [i.e. 26,42,145-148]. For example, on the upper continental
slope of the Gulf of Mexico, active gas migrations along faults or at mud volcanoes have
been identified and their sources attributed to accumulated gas hydrates [53,149]. Reference
[12] estimated that methane accumulated in gas hydrate associated with mud volcanoes is
about 10" ~ 10 m? at normal temperature and pressure. Reference [150] estimated that up
to 40% of total United Kingdom methane emission was from the continental shelf around
UK. It is therefore important to investigate marine gassy sediments and submarine mud vol-
canoes to better understand the dynamics of shallow-water methane transport, fluid migra-
tion and the relationship of these phenomena to gas hydrate.

Firstly, we recall an important review of submarine mud volcanoes reported in Reference
[12], reporting the main points. Evidence for submarine mud volcanoes exists in many re-
gions showing the following features:

1. subcircular structures up to several kilometers in diameter elevated above the sur-
rounding seafloor and visible on bathymetric maps and/or sonar images;

2. seafloor-piercing shale diapirs visible on seismic profiles;

3. fluid expulsion above elevated seafloor structures revealed by acoustic profiles and
through visual observations from a submersible, remote operated vehicle (ROV), or by
underwater video-camera;

4. transient mud islands in shallow waters;
5. gasbubbles at the surface of water that may be related to mud volcanoes.

Submarine mud volcanoes occur world-wide on continental shelves, slopes and in the abys-
sal parts of inland seas. Some studies (i.e. from the Barbados accretionary complex [54,151])
have linked the morphology of submarine mud volcanoes to different development stages
and processes of mud liquefaction. Conical-shaped mud volcanoes (‘mud-mounds’ or gry-
phons), which do not have any central summit ‘mud lakes’ (or salses), are formed by the ex-
pulsion of plastic mud breccia in concentric radial flows. In contrast, shearing with the
feeder conduit liquefies the mud leading to the formation of flat-top mud volcanoes (mud-
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pies) with central ‘mud lakes” and elongated, radial mud-flow tongues. In both types, the
mud is found to have a plastic behavior in which its yield strength decreases with increasing
porosity. Thixotropy is associated with high porosity (e.g. more than 70%), which is often
related to the dissociation of gas hydrate [151]. Often, mud volcanoes are associated with
methane fluxes, either as free gas or, depending on ambient temperature and pressure con-
ditions, as gas hydrate [54,152]. On this basis, Reference [14] argue that the global flux of
methane to the atmosphere from the world’s terrestrial and submarine mud volcanoes is
highly significant. The relative difficulty in studying submarine mud volcanoes, compared
with their terrestrial counterparts, leaves substantial gaps in our knowledge about their
modes of formation, the duration and frequency of eruptions and the fluxes of mud and vol-
atile phases from the subsurface. For this reason, several efforts are spend to simulate nu-
merically the formation of submarine mud volcanoes [i.e., 153].

At the present time, evidence for submarine mud volcanoes has been found in all oceans
(Figure 1). For instance, in shallow water areas (shelves) where mud islands are recorded,
submarine mud volcanoes are likely to be present. However, there are regions where the ex-
istence of submarine mud volcanoes is unexpected, such as in the Baltic Sea, where sedi-
ments are only 10 m thick, but miniature mud diapirs/volcanoes (1.5 m in diameter, 30 cm
high above the surrounding seafloor) are reported [154,155]. Figure 1 includes sediment dia-
pirs reported in [33]; however, it is unclear whether all these sediment diapirs are mud vol-
canoes. Submarine mud volcanoes are more extensive than their sub-aerial analogs.

All the regions where submarine mud volcanoes or evidence for them have been ob-
served are confined to shelves, continental and insular slopes, and abyssal parts of in-
land seas (e.g. Black and Caspian). The examination of geologic and tectonic features
of these areas is crucial for the understanding of the mechanisms of mud volcanic ac-
tivity. In the abyssal parts of inland seas, mud volcanoes have been found in the Cas-
pian Sea and in the Black Sea where the sedimentary cover is typically thick (10-20
km) for these regions. Sediments are mostly terrigenous and were deposited during Ter-
tiary and recent times under high subsidence and accumulation rates. Shale diapirs and
faults deform many sedimentary sequences.

On the continental slopes of passive margins, submarine mud volcanoes have been found in
the Norwegian Sea, offshore Nigeria and in the Gulf of Mexico. In the first two cases, mud
volcanic activity is confined to submarine fans (the Bear Island Trough mouth fan and the
Niger Delta are notable examples), composed of Tertiary terrigenous sediments deposited at
a high accumulation rate. In the Niger Delta there are many diapirs and faults [156]. The
continental slope of the Gulf of Mexico is an extremely complex deep-water region charac-
terized by a combination of rapid sediment influx, faulting, and diapiric (salt and shale) tec-
tonism [157].

At active margins, submarine mud volcanoes have been reliably identified in the Mediterra-
nean Sea and offshore Barbados, both characterized by different geologic and tectonic set-
tings. In the Mediterranean Sea, mud volcanoes have been found only within the limits of
the accretionary prism, characterized by a complex fabric composed of many thrusts [28].
Offshore Barbados mud volcanoes are located within the limits of the accretionary prism as
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well as in front of the prism where the thickness of sedimentary cover is only 2.3 km [158].
The majority of reported evidence of submarine mud volcanoes presents at active margins.

The association of gas hydrates with submarine mud volcanoes was first noted by Reference
[145] and has since observed in the Caspian [42], Black [27,146-148], Mediterranean [57,148],
Norwegian seas [48,58], offshore Barbados [159], offshore Nigeria [160] and in the Gulf of
Mexico [161,162].
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Figure 8. Cartoon showing the proposed model of the formation of gas hydrates within a mud volcano: (a) hydrother-
mal process dominates around the central part of the mud volcano; (b) metasomatic process dominates at the periph-
erical part of the mud volcano. Modified after [12].

There are many common features of gas hydrates associated with mud volcanoes. Gas hy-
drate content in sediments varies from 1-2% to 35% by volume and changes through a mud
volcano area as well as through depth. Methane is the major gas component of gas hydrates
and can be thermogenic, biogenic or mixed in origin. Reference [12] proposed a model for
the formation of gas hydrates within a mud volcano: (a) hydrothermal process dominates
around the central part of the mud volcano; (b) metasomatic process dominates at the pe-
ripherical part of the mud volcano (Figure 8). This generalized model is based mainly on da-
ta from the Haakon Mosby mud volcano in the Norwegian Sea, which is the most famous
mud volcano characterized by a concentric-zonal distribution of gas hydrates [58,163]. Gas
hydrate accumulation is controlled by the ascending flow of warm fluids. The water from
the mud volcanic fluid as well as from the surrounding recent sediments is involved in the
formation of gas hydrates. So, gas hydrates can occur within the edifice of a mud volcano
(crater and hummocky periphery) as well as outside in the host marine sediments. Howev-
er, the processes that are responsible for the formation of gas hydrates differ from point to
point. Note that in Figure 8 there are no gas hydrates in the central part of the model mud
volcano (usually in the central part of a crater where mud and fluid flow out) because of the
high temperature. Around the central part of the mud volcano, gas hydrates form from the
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fluids that have risen from the deep subsurface. This fluid is warmer than the surrounding
sediments (by up to 15-20° C at the sub-bottom depth of 1 m) and contains gas in solution
and perhaps as a free phase. Gas hydrates crystallize from this warm fluid when it becomes
cold and the solubility of gas decreases [164]. Both water and gas participating in the forma-
tion of gas hydrates have come from the deep, external fluid that filters through mud vol-
canic sediments. This process is analogous to the conventional low-temperature
hydrothermal process of mineral formation [165].

At the peripheral part of the mud volcano, gas hydrates form from the gas that emanates
from the central part of the mud volcano, and is transported in solution by diffusion. On the
other hand, the water participating in the formation of gas hydrates is contained in the host
sediments (local water). In addition, some local biochemical gas may be captured in gas hy-
drates. Thus, in this case the local water is partly replaced by gas hydrates due to the supply
of gas from an external source (mud volcanic fluid). This process of gas hydrate formation is
analogous to the conventional metasomatic process of mineral formation [165]. At any point
between the central and peripheral parts of the mud volcano, mixing of hydrothermal and
metasomatic processes is possible. The source of water (mud volcanic or local) determines
which of these two processes is dominant.

The close proximity of mud volcanoes to zones where BSRs crop out on the seafloor de-
serves particular attention. Seismic records strongly suggest that much of the gas in mud
volcanoes originates from levels deeper than that of the gas hydrates and faulting could be
responsible for this unique situation. It has been argued that, in the case that a concentric
zonal distribution of hydrate is present, the gas hydrates have probably been formed by gas
emanating from the central part of the mud volcano, and transported into solution by diffu-
sion [12]. For example, a strong BSR and the presence of mud volcanoes have recently been
detected by seismic data along the southwest African margin, which is a passive margin
[166]. This region, located in the distal part of the Orange River delta, is also characterized
by overpressure which results in active fluid expulsion, as shown by the existence of mud
volcanoes, pockmarks, and possibly cold-water corals thriving on methane gas seeps [167].

5. An example: The Antarctic Peninsula

The global climate change is particularly amplified in transition zones, such as the peri-Ant-
arctic regions. For this reason, the gas hydrate reservoir present offshore Antarctic Peninsula
was studied in the last 20 years acquiring a quite extensive geophysical dataset. The pres-
ence of a diffused and discontinuous BSR was discovered during the Italian Antarctic cruis-
es of 1989-1990 [i.e., 30] and 1996-1997 [122], onboard the R/V OGS Explora. Seismic data
showed the existence of a potential gas hydrate reservoir [32,168] along the South Shetland
margin. Along this margin, the extent of the BSR was mapped based on about 1,000 km of
seismic lines [e.g., 168 and references therein]. Ocean bottom seismometers (OBSs) deployed
during the 1996-1997 cruise provided energy arrivals from the BSR and the refraction and
the converted waves from the base of the free-gas zone, the so-called base of the free gas re-
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flector or BGR [122]. During the austral summer 2003-2004, additional data were acquired in
the same area: multibeam bathymetry, seismic profiles, chirp, and sediment gravity cores
[31]. Figure 9 summarizes the position of the three acquisition legs.

600w soew ssow 70w s60W ssew sdew

Figure 9. Left: Multibeam bathymetry map after [169], showing the locations of the seismic lines acquired in 1990
(dashed lines) and 1997 (continuous lines). The dot indicates the location of the OBS data acquired in 1997. The yel-
low box presents the 2004 study area. Right: 2004 study area. Continuous blue lines: locations of the airgun seismic
lines. Dotted black lines: location of seismic lines of 1990 and 1997 legs. Thick dashed segments indicate the presence
of particularly well developed BSRs. Also annotated are the CTD measurements (red stars), and the two coring sites
(grey and black arrows cores GCO1 and GCO2 respectively). Modified after [31].

As already explained, seismic velocity obtained from advanced seismic analysis can be
translated in terms of concentrations of gas hydrate and free gas. This procedure has been
applied in the Antarctic Peninsula, where seismic velocities obtained from advanced analy-
sis of multichannel seismic data were analyzed to determine gas hydrate and free-gas distri-
butions and to estimate the methane volumetric fraction trapped in the sediments [170]. The
elastic properties of the layers across the BSR were modeled applying the approximation of
the Biot equations for seismic frequency in order to quantify the concentrations of gas hy-
drate and free gas in the pore space [128]. This theory considers two solid phases - grains
and hydrates - and two fluid phases - water and free gas - including an explicit dependence
on differential pressure and depth, and the effects of cementation by hydration on the shear
modulus of the sediment matrix. So, the seismic velocities of the 2D seismic lines were trans-
lated in terms of concentrations of gas hydrate and free gas in the pore space, obtaining 2D
models. The jointly interpolation of the 2D models allowed obtaining a 3D model of gas hy-
drate concentration from the seafloor to the BSR. The total volume of hydrate, estimated in
the area (600 km?) where the interpolation is reliable, is 16 x 10° m®. The gas hydrate concen-
tration is affected by errors that could be equal to about +25%, as deduced from sensitivity
tests [31,171] and from error analysis related to the interpolation procedure. The estimated
amount of gas hydrate can vary in a range of 12 x 10° - 20 x 10 m*. Moreover, considering
that 1 m® of gas hydrate corresponds to 140 m?® of free gas in standard conditions, the total
free gas trapped in this reservoir ranges between 1.68 x 10'? and 2.8 x 10" m®. This estima-
tion does not take into account the free gas contained within pore space below the hydrate
layer, so this values could be underestimated.
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Figure 10. Multibeam bathymetry map of the study area, showing evidence of mud volcanoes (open arrows), collapse
troughs (closed arrows) and slides (dashed arrows). The numbers indicate the four mud volcano ridges described in
the text and in Table 1. Modified after [31].

Reference [31] reported the main results obtained by the analysis of bathymetric data,
CHIRP data and gravity core analysis. In particular, the bathymetric map provided the evi-
dences of mud volcanoes, collapse troughs and slides (Figure 10). It is well known [i.e., 172]
that these features are generally associated to the presence of gas hydrate, as already ex-
plained. Reference [31] have recognized five main mud volcano ridges, named Chiavalz,
Flop, Grauzaria, Sernio and Vualt (see location map in Figure 10). Table 1 reports the main
characteristics of the mud volcanoes (Figures 11-15). The Vualt mud volcano is the highest
detected in our study area; its top is at 2,216 m below sea level, with an elevation of about
255 m above the seafloor and an extension of 9.4 km? (Figure 10, label 5; Figure 11). On the
flank, a gravity core (GC02) was recovered. The Flop mud volcano has its top at 2,363 m be-
low sea level and a relief of about 115 m. Its extension is 7.5 km? (Figure 10, label 2; Figure
12). The Grauzaria ridge, oriented W-E and located at around 61 S-57 W (Figure 10; label 3;
Figure 13), can be considered an alignment with several culminations and a total extension
of 45.9 km® The highest culmination is at 2,594 m below sea level and exhibits a relief of
about 185 m above the seafloor. The Sernio mud volcano ridge is located in the proximity of
core GCO1 and is oriented SW-NE (Figure 10, label 4; Figure 14). Its top is at 1,990 m below
sea level with an elevation of about 185 m. It presents several culminations for a total exten-
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sion of 23.9 km?. Finally, the Chiavalz mud volcano ridge is located in the northeast of our
survey area (Figure 10; label 1; Figure 15) and is oriented S-NE. It has its top at 1,615 m be-
low sea level, a maximum elevation of about 210 m, and an extension of 14.5 km?.

Mud Volcano

Lat. (WGS84)

Lon. (WGS84)

Meter below

seafloor of the top

Elevation (m)

Extension (km?)

1 Chiavalz 605229315 56 18 46.88 W 1615 210 14.5
2 Flop 610140525 564511.88 W 2363 115 7.5
3 Grauzaria 610131.445S 56 56 36.64 W 2594 185 45.9
4 Sernio 605154.735S 5628 19.10 W 1990 185 23.9
5 Vualt 6104 30.635S 5643 02.71 W 2216 255 9.4

Table 1. Details of the mud volcanoes offshore Antarctic Peninsula: latitude and longitude of the midpoint, water
depth at the top, elevation with respect to the bathymetry and extension. Grauzaria is a group of several mud
volcanoes.

Longitude

-3069061
Latitutde
1

-41 814508
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-3065373
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-3067195
-418I31 71

Time
~..}-1400

Figure 11. Comparison between chirp (a) and airgun (b) data across the Vualt mud volcano, in which the BSR is evi-
dent. The arrow indicates the location of core GC02. CHIRP image of the Vualt. Insert: Bathymetric map after BSR
project. The red line indicates the CHIRP location. After [31].

Fluid analyses performed on the two gravity cores [31] revealed the presence of several hy-
drocarbon gases, i.e. methane, ethane, propane, butane, pentane and hexane, and traces of
aromatic hydrocarbons of > C12 carbon chain length, suggesting a thermogenic origin of the
gas. The major difference in gas contents between the two cores is that methane and pro-
pane are totally absent in core GC02. On the contrary, pentane is present at all analyzed
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depths in both cores, with quite similar contents. Below the upper 1 m of sediment in core
GCO02, the interstitial gases are essentially composed of pentane. The average total gas con-
tent amounts to 150.54 and 49.30 pg/kg for the two cores, respectively. The gas content
measured in core GCO1 is therefore about three times higher than that measured in core
GC02. Downcore profiles for specific gases showed that core GC01 has a quite uniform gas
type and content along the whole core; on the contrary, core GC02 has variable gas content.
Even if both cores are located in the proximity of mud volcanoes, Reference [31] suggested
that the sediment permeability of core GCO1 is lower than that of core GC02, in which the
fluids can easily escape and produce a collapse trough (see closed arrows in Figure 10).
Moreover, the sediment stiffness in core GC01 is higher than that of core GC02, as suggested
also by the different core length (1.07 and 2.98 m respectively); this is in agreement with the
hypothesis of different permeability values between the two cores.

In conclusion, interpretation of the data acquired on the South Shetland margin confirmed
the crucial role of tectonics controlling the extent of the hydrate reservoir, and active venting
of fluids and mud through faults bordering and crossing the gas hydrate field. Mud volca-
noes and fluid expulsion events are likely located in close association with faults, through
which they are connected to the reservoir located beneath the BSR. Their activity is probably
episodic [31]. Moreover, the different sediment stiffness at the two coring sites can be related
to the temporal frequency of expulsion events, where the hardness of the mud volcano
flanks is directly proportional to the interval between expulsion events, as suggested by
[173]. Finally, the hydrocarbons trapped in our sediment cores possibly indicate the exis-
tence of deeper reserves.

Longitude 3974447 -3068894 -3066640 -3062382 -3062113 -3059838
Latitude -4178718 4177122 -4175481 -4173862 -4172204 -4170550
L L L L 1 L 1
Time

1500 et R MRl e st AT SRR
1600

1700

Figure 12. CHIRP image of the Flop. Insert: Bathymetric map after BSR project. The red line indicates the CHIRP loca-
tion.
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Figure 13. CHIRP images of the Grauzaria group. Insert: Bathymetric map after BSR project. The red line indicates the
CHIRP location.
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Figure 14. CHIRP images of the Sernio mud volcano. Insert: Bathymetric map after BSR project. The red line indicates
the CHIRP location.

6. Conclusions
Knowledge of natural occurring gas hydrate is increasing rapidly in the last years; however

commercialization of gas hydrate remains unproven. Great uncertainty of the global gas hy-
drate resource and imitated estimates of hydrate system retard economic analysis of hydrate
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recovery [174]. In this context, the gas hydrate associated to mud volcanoes is a very inter-
esting topic because this system contains high gas hydrate concentration in a very small
area. In addition, gas hydrate accumulations related to fluid discharges sites (including mud
volcanoes) occur at very shallow depths or on the seafloor and show the maximum hydrate
content in their upper parts. These features may consider as natural reactors, in which part
of the migrating gas from the surrounding areas is stabilized in gas hydrates. Gas resources
in such accumulations are therefore renewable and could become important gas hydrate for-
mations to be exploited [11].

Moreover, the wide and extensive literature about hydrate, mud volcanism and their in-
teraction suggests that this topic is timely because gas hydrates may play an impor-
tant role in the global carbon cycle and global climate dynamics through emissions of
methane and in affecting stability of geological features, including mud volcanoes. The
role of gas hydrates in above-mentioned processes cannot be assessed accurately with-
out a better understanding of the hydrate reservoir and their interactions with geolog-
ical features and meaningful estimates of the amount of methane it contains. In conclusion,
lack of knowledge hampers the evaluation of the resource potential of gas hydrates
and the hazards related to gas hydrates, requiring efforts to improved knowledge about
gas hydrate and their interaction with mud volcanoes.
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Figure 15. CHIRP images of the Chiavalz mud volcano. Insert: Bathymetric map after BSR project. The red line indicates
the CHIRP location.
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