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This study examines the use of specific mud volcano features (i.e., elongated calderas, aligned vents and elon-
gated volcanoes) as potential indicators of tectonic stress orientation. The stress indicator principles, widely
recognised for magmatic systems, have been discussed and applied to mud volcano settings such as in the
Northern Apennines and the Azerbaijan Greater Caucasus, as well as in other instances where the analysis
was fully based on a remote sensing study. The results of these applications are promising, the obtained max-
imum horizontal stress (SH) directions generally showing a good correlation with those determined in the
upper crust by classical methods (i.e., earthquake focal mechanism solutions, well bore breakouts). Therefore,
stress information frommud volcanoes could be used as a proxy for stress orientation (1) where stress data is
lacking, (2) where settings are inaccessible (i.e., underwater or the surface of planets), or simply (3) as sup-
plementary stress indicators. This study also pays special attention to structural elements that may control
fluid expulsion at various length scales, and pathways that should have spawned the mud volcanoes and
controlled their paroxysmal events and eruptions. Different types of sub-planar brittle elements have
been found to focus fluid flow rising up-through fold cores, where the vertical zonation of stresses may
take part in this process by creating distinctive feeder fracture/fault sets. On a regional scale, mud volcanoes
in active fold-and-thrust belts may occur over wider areas, such as the prolific mud volcanism in Azerbaijan,
or may cluster along discrete structures like the steep Pede-Apennine thrust in the Northern Apennines,
where the generation of overpressures is expected to establish a positive feedback loop allowing for fault
movement and mud volcanism.
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1. An introduction to mud volcanism and aims of the study

Mud or sedimentary volcanism is a process that drives the extrusion
to the topographic surface of material which originated from deeply
buried sediments, such asmud, fragments or blocks of country rock, sa-
line waters and gases of whichmethane often represents the dominant
fraction. This mechanism is typically linked to in-depth hydrocarbon
traps (Higgins and Saunders, 1974), and it builds up a variety of scenic
features themost typical of which being the steep-sided conical edifices
that are usually crowned by a shallow crater lake. These conical edifices
vary in size from centimetre-scale to largemud volcanoes of up to a few
hundred metres high and some kilometres across (Fig. 1a, b). Con-
ventional nomenclature (e.g., Planke et al., 2003) refers to salses as
water-dominated pools (ormud pots) with gas seeps, and subdivides
the sub-conical extrusive edifices in gryphons (≤3 m high), mud
cones (3 to 10 m high), and mud volcanoes for the largest edifices,
up to ~400 m tall in Azerbaijan (Fig. 1a). Thousands of mud volca-
noes occur globally predominantly underwater. Mud volcanoes are
described in various tectonic scenarios, but the majority occur in
fold-and-thrust belts and submerged accretionary prisms, and de-
velop at convergent plate margins (Higgins and Saunders, 1974;
Henry et al., 1990; Milkov, 2000; Kholodov, 2002a; Kopf, 2002).

1.1. Mud volcano processes

Once amere natural curiosity, mud volcanoes have been regarded as
features interrelated tomany relevant aspects (seeMazzini, 2009), span-
ning from their role in (1) predicting petroleum reservoirs (e.g., Devlin
et al., 1999; Feyzullayev and Lerche, 2009), to (2) the environmental im-
plications related to their input of fossil methane into the atmosphere
(e.g., Hovland et al., 1997; Kopf, 2003; Milkov, 2004; Kvenvolden and
Rogers, 2005), and (3) their hints into how fluids travel up through the
shallow crust (Davies et al., 2008; Mazzini et al., 2009). The background
activity of mud volcanoes ranges from the quiet to vigorous flow of mud
and fluids, with the typical intermittent gas bubbles popping up through
the salinemuddywater; paroxysmal phasesmay however interrupt this
quiescent activity.

Different mechanisms have been advocated to control subsurface
sediment mobilisation and the deep plumbing system of mud volcanoes
(Van Rensbergen et al., 2003).Mud volcanismhas been generally viewed
as the surface manifestation of intrusive processes such as mud or shale
diapirism, or the development of ‘diatremes’ (Brown, 1990; Henry et al.,
1990;Morley andGuerin, 1996; Kopf, 2002;Morley, 2003a; Fig. 1c).Mud
diapirs are subsurface clay and fluid-rich intrusions driven upward by
buoyancy forces arising from the bulk density contrast between the
overpressured muddy mass and the denser surrounding overburden
(Brown, 1990). Diatremes normally develop in response to the rapid
flow of pore fluids debouched from a structural or stratigraphic conduit
into the base of lower permeability (typically unlithified clay) units,
whose sediments become fluidized and entrained in the advecting
fluids (Brown, 1990). This process is assisted by the rapid expansion
and degassing of the methane (at ca. 1–2 km depth) dissolved in the
mud, which produces overpressures and increases the buoyancy and
the stress on the surrounding sediments causing their fluidification
(Brown, 1990). Other models propose mud volcanoes to be sourced
from the depletion of highly fluid-rich source layers at depth (Cooper,
2001; Stewart and Davies, 2006; Davies et al., 2007), with the ascent
of the mud–water–gas mix taking place through an intricate plumbing
system that includes fluid reservoirs (i.e., networks of mud-filled frac-
tures) interconnected by branched systems of conduits and pipes and
networks of anastomosing fault-controlled pathways (Fowler et al.,
2000; Cooper, 2001; Dimitrov, 2002; Kopf et al., 2003; Morley,
2003a, b; Planke et al., 2003; Deville et al., 2006; Evans et al., 2008;
Mazzini et al., 2009; Roberts et al., 2010). In this process, mud and
fluids could be mobilised from the same source layer (e.g., Davies
and Stewart, 2005) or the mud removed by fluids originated at
deeper stratigraphic levels (e.g., Deville et al., 2006; Davies et al.,
2007; Huuse et al., 2010).

Mud volcanoes are frequently located over the crests of anticlines in
fold-and-thrust belts (e.g., Jakubov et al., 1971; Higgins and Saunders,
1974; Chigira and Tanaka, 1997; Fowler et al., 2000; Kholodov, 2002b;
Planke et al., 2003; Bonini, 2007; Morley, 2007; Fig. 1d), but also at roll-
over anticlines associated with listric normal faults (e.g., Graue, 2000).
Sealing layers in the fold core may efficiently trap the rising fluids and
readily built-up overpressures (Yassir and Bell, 1996). The development
of overpressures in sediments is thus a necessary prelude tomud volca-
nism (Dimitrov, 2002). Other fluid overpressuring mechanisms are re-
lated to disequilibrium compaction due to rapid sediment burial,
lateral fluid pressure transfer (due to tectonic tilting and differential
loading), and diagenetic processes involving mineral transformations,
cementation and hydrocarbon generation (Osborne and Swarbrick,
1997; Yardley and Swarbrick, 2000). Though difficult to quantify, tec-
tonic loading provides a pivotal and possibly themost important source
for overpressures, as witnessed by the widespread mud volcano occur-
rence in many active compressional belts worldwide (e.g., Higgins and
Saunders, 1974; Yassir and Addis, 2002). Therefore, mud volcanoes
clearly represent large-scale evidence of episodic or continuous fluid
fluxes from the subsurface dictated by the rise and fall of fluid pressure.



Fig. 1. Morphology and internal characteristics of mud volcano features. (a, b) Two mud volcanoes with different sizes showing similar morphologic features. (a) The ~400 m tall
Qaraqus–Dagi mud volcano edifice and caldera in Azerbaijan. (b) A ~2 m tall gryphon at Sassuno, Northern Apennines, Italy (hammer for scale; 7th October 2009). (c) Seismic
image illustrating the main features internal to a mud volcano in the Shah Deniz, South Caspian Basin. Mud volcano activity commenced during the late Productive Series (latest
Miocene–early Pliocene) and ceased during the Absheron (Early Pleistocene). (d) Coincidence of mud volcanism with thrust anticlines; oblique view (looking from SSW) of mud
volcanoes on the Haro Range anticline in Makran (Balochistan) Pakistan (N25°35′53″ E66°06′13″). Note also the coincidence of a mud volcano with the transverse fault indicated by
the open arrow. (e) Oblique view of the Chandragup mud volcano (N25°26′44″ E65°51′56″) in eastern Makran, Pakistan. The ~60 m-tall mud volcano rises from a caldera-like de-
pression imitating the setting of genuine volcanic edifices. (f) Three-dimensional model of a typical South Caspian mud volcano system.
Panel a is after Evans et al. (2008), © Copyright 2008 The Geological Society, reprinted by permission of the Geological Society Publishing House. Panel c is after Fowler et al. (2000).
Panel f is after Stewart and Davies (2006), AAPG Bulletin, volume 90, Structure and emplacement of mud volcano systems in the South Caspian Basin, AAPG©2006, reprinted by
permission of the AAPG whose permission is required for further use. Images in (d) and (e) are extracted from Google Earth®; http://earth.google.it/download-earth.html.
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1.2. Aims and outline of the study

This paper investigates the application of the stress orientation con-
cepts established formagmatic features (i.e., elongated calderas, aligned
vents and elongated volcanoes) to mud volcanoes (e.g., Bonini, 2008;
Bonini and Mazzarini, 2010). The structural controls on mud volcanic
processes and subsurface sediment mobilisation exerted by both large-
scale structures and outcrop-scale elements represent another target of
the work — closely interrelated to the former. After reviewing the mag-
matic features used as stress indicators and the possiblemud volcano an-
alogues, the paper focuses on the mud volcanoes that punctuate the
Pede-Apennine margin of the Northern Apennines (Italy), which repre-
sents an example of a well-established link between compression and
mud volcanism (e.g., Boccaletti et al., 2004). Although mud volcanoes
here are relatively small, the plethora of geophysical, structural and geo-
chemical data makes this region particularly fruitful for understanding
mud volcano systems.

Stress directions determined through remote sensing in someworld-
wide regions of mud volcanism have been compared with stress data
available in literature. A relevant component of ground-truthing has
been added to the analysis of mud volcanoes exposed in Azerbaijan,
which represents the most important mud volcanic province on Earth.
The results of these applications are promising, and suggest that stress
information from mud volcanoes may represent independent or addi-
tional means for assessing stress directions. Last but not least, this analy-
sis has paid special attention to the tectonic structures that may identify
fluid expulsion and pathways that should have spawned the mud volca-
no features.

2. Igneous volcanic elements as indicators of tectonic stress
orientation

2.1. Vent alignments and volcano elongation

It has been well established that intrusions propagated by hy-
draulic fracturing commonly form in a plane perpendicular to the
least horizontal stress Sh (Stevens, 1911; Anderson, 1951; Odé,
1957; Tsunakawa, 1983; Paquet et al., 2007). This principle has pro-
vided the basis for reconstructing the orientation of past and cur-
rent stress fields (Nakamura, 1969, 1977; Zobak and Zobak, 1980;
Delaney et al., 1986). In his pioneer works Nakamura (1969, 1977)
inferred that the rows of aligned volcanic vents (i.e. monogenetic
cinder cones, domes, volcanic necks, and collapse pits) frequently
originate from – and form above – the same subsurface feeder dyke
(Fig. 2a, b). Therefore, vent alignments have often been used to infer
the direction of the Sh or that of the greatest compressive horizontal
stress SH (Nakamura, 1977; Lutz, 1986; Wadge and Cross, 1988;
Takada, 1994; Gudmundsson, 1995, 2005; Tibaldi, 1995; Korme et al.,
1997; Paquet et al., 2007). Elongated cinder cones are common in
monogenetic vent fields and represent reliable proxies for the determi-
nation of subsurface dyke trends (Tibaldi, 1995; Paulsen and Wilson,
2010). On the other hand, factors such as magma-chamber geometry
and variations in mechanical properties may lead to abrupt changes in
local stress fields, which may have strong effects on the propagation
and arrest of dykes (Gudmundsson, 2006). Pre-existing brittle elements
(faults and fractures)may influence heavily dyke trajectory, but in gen-
eral the stress field in the country rock is thought to exert the primary
control on dyke orientation (Delaney et al., 1986). Since ideal dykes
tend to follow the σ1-trajectories, the surface vents are expected to
align sub-parallel to the direction of the local stress SH (Odé, 1957;
Fig. 2a, b). Alignments of volcanic vents represent an important source
of the World Stress Map, which is a standard global compilation of the
contemporary tectonic stress orientation (SH) derived from various
types of stress indicators (Heidbach et al., 2008, 2010).

Feeder dykes may also create large elongated volcano edifices
(e.g., Breed, 1964) through a prolonged period of volcanic activity
(e.g., Acocella et al., 2008). The elongation of volcanoes and the distribu-
tion offlank vents is generally parallel to the strike of the subsurface feed-
er dyke,which generally intrudes a plane that is on average parallel to the
orientation of the SH axis (Nakamura, 1977; Takahashi, 1994; Tibaldi,
1995; Korme et al., 1997; Adiyaman et al., 1998; Acocella and Neri,
2009; Fig. 2c). The above concepts were applied to a number of natural
cases in which the elongation of volcanoes and the alignment of
vents and craters were used as a proxy for stress field orientation
in the Japanese, Andean and Aleutian arcs (Nakamura, 1969, 1975;
Nakamura et al., 1977). In particular, the elongation of many volcanic
islands and extension zones in arc volcanoes were found to be essen-
tially parallel to the movement of the plate over which they are lo-
cated (Tibaldi, 2005; Acocella and Funiciello, 2010).

2.2. Caldera elongation

Classical volcanic calderas develop as a result of some forms of
roof collapse following the removal of magma from an underlying
magma chamber or reservoir (Anderson, 1936; Smith and Bailey,
1968; Lipman, 1997; Cole et al., 2005; Acocella, 2007). Caldera de-
pressions are often elongated in plan view, and caldera elongation
is usually taken to be a reliable indicator of far-field stress orienta-
tion. Igneous calderas normally elongate parallel to the direction of
the least horizontal compressive stress Sh, and in rift settings the
long caldera axes have been used to estimate the direction of region-
al extension (Bosworth et al., 2003; Casey et al., 2006). Though less
common, calderas that have developed in compressional settings
are also expected to elongate parallel to the Sh, and to shorten paral-
lel to the SH (Wallmann et al., 1990; Holohan et al., 2005).

Different models have been proposed to explain the ellipticity
(i.e., long axis/short axis) of calderas. In some instances the magma
chamber underlying the caldera is envisaged to grow along a discon-
tinuity pre-existing the magma emplacement, and thus the caldera
elongation is strongly dependent upon the local structural setting
(Acocella, 2007). The growth of the magma chamber may also occur in
the direction of the Sh, as the fluid chamber walls change shape due to
stress concentration and brittle failure of the wall rock, analogous to
the breakouts in a wellbore or tunnel (Bosworth et al., 2000, 2003;
Fig. 2d). This theory relies on the principle that there is an originally cir-
cular opening in the Earth, or a pipe shaped feeder system that gives rise
to circumferential stresses producing the brittle failure of thewall rock in
a direction parallel to the Sh (Gudmundsson, 2006).

3. Using mud volcano features as stress indicators

3.1. Similarities between igneous and mud volcanism

The morphologic characteristics of mud volcano edifices show im-
pressive similarities with the igneous counterparts, as do the mud-
flows originating from the summit of steep-sided cones that mimic
genuine lava flows (Fig. 1a, b). Also, mud calderas are morphological-
ly similar to the igneous equivalents, as shown by the Chandragup
mud volcano (Pakistan; Fig. 1e) erecting from a subsided depression
in the same way as lava domes and volcanic vents rise from topo-
graphically depressed calderas. The height of mud volcanoes may
reach ~400 m (Jakubov et al., 1971), and large collapse caldera de-
pressions 4 km in width or 10–15 km2 (Fowler et al., 2000; Stewart
and Davies, 2006). Even larger are the serpentinite mud volcanoes
on the Mariana forearc, which may exceed 25 km in diameter and
2 km in height (e.g., Fryer et al., 1999). The dimensions of the largest
mud volcanoes are thus comparable to those of igneous polygenic
volcanoes.

Other similarities concern the internal structure and eruptive history.
In particular, the relatively small magmatic ‘monogenic’ cones that form
over a short time span may be analogous to the gryphons/cones that
grow during a single period of activity, while the ‘polygenic’ volcanoes



c a 

flank cones 

b d

Fig. 2. (a) Idealised cartoon showing radial dykes feeding monogenetic volcanic cones on the flank of a polygenetic volcano deformed under a differential horizontal stress. The flank
volcanoes localise along the trend of radial dyke concentration, which corresponds to the direction of the maximum horizontal stress SH. (b) Schematic 3D representation of a dyke
swarm in Iceland. The stress field is almost isotropic near the eruptive centre and dykes show radial distribution; away from the eruptive centre, dykes form essentially in planes
sub-perpendicular to the regional extensional stress (i.e., the least horizontal stress Sh). (c) Aligned flank volcanoes (small black dots) on the flank of the elongated Mount
Veniaminof volcano, Alaska. The convergent black arrows indicate the estimated maximum horizontal stress SH. (d) Elongated Suswa caldera in the Kenya rift valley. Caldera I col-
lapse occurred between 240 and 100 ka, while Sh was oriented ca. E–W.
Panel a is redrawn after Nakamura (1977). Panel b is after Paquet et al. (2007). Panel c is after Nakamura (1977). Panel d is after Bosworth et al. (2003).
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may be equivalent to the large mud volcanoes that result from discrete
extrusive periods and that may remain active over a few million years
(e.g., Yusifov and Rabinowitz, 2004; Evans et al., 2006). The models of
caldera-forming eruption cycles (Smith and Bailey, 1968) also correlate
well to the various phases of activity identified for the Chiragmud volca-
no in the Caspian Sea (Evans et al., 2008). 3D seismic reflection data has
allowed the imaging of the vertical architecture of an idealised mud vol-
cano system composed of a cone-shaped extrusive edifice overlying a
caldera depression connected by a feeder system to a deeper source
layer (Fig. 1f; Davies and Stewart, 2005; Stewart and Davies, 2006).
These characteristics are similar to those hypothesised for the igneous
features (Davies and Stewart, 2005), though faultsmay also dip outward
belowmagmatic calderas. In addition, feeder complexes and the collapse
of some Azerbaijanmud volcanoesmay imitate the ‘stoping process’ and
‘sector collapse’ structures typical of igneous volcanoes (Roberts et al.,
2010, 2011a), and the velocity of mud ascent (60–300 km yr−1) is com-
parable to that of silicate magmas (Kopf and Behrmann, 2000). Last but
not least, both magmatic and mud eruptions share the same threshold
seismic energy to be triggered off by distant earthquakes (Wang and
Manga, 2010).

In conclusion, the above similarities have been interpreted as evidence
that mud andmagmatic volcano systems share some causal mechanisms
(Davies and Stewart, 2005; Evans et al., 2006, 2008; Stewart and Davies,
2006; Bonini, 2008; Kopf, 2008; van Loon, 2010; Roberts et al., 2011a).
Even though obvious differences do exist –mud volcanism being almost
entirely driven byfluid pressure, andmagmatic volcanismdriven bypres-
sure in addition to temperature, magma chemistry, volatiles, etc. – the
processes governing both volcano systems may be viewed as dynami-
cally similar. Both magmatic and mud volcanoes are in fact driven by
gas escape, and there are several processes and properties shared by
these features, including the buoyancy supplied by exsolved gases,
and the presence of an in-depth overpressured source (Manga et al.,
2009; Wang and Manga, 2010). In this perspective, the stress indicator
concepts formerly concerned for the igneous features could also be ap-
plied to the same features developed in mud volcanic settings.

3.2. Mud volcanoes as stress direction indicators: principles and methods

3.2.1. Mud vents alignment and volcano elongation
Alignments of active mud volcano vents have been analysed for es-

timating the present-day stress field in the shallow crust of Azerbaijan
(Bonini and Mazzarini, 2010; Roberts et al., 2011b). Even though seis-
mic imaging and field mapping of some mud volcanoes in Azerbaijan
suggest pipe-like feeders (Stewart and Davies, 2006; Roberts et al.,
2010, 2011b), other examples of exposed fossil feeder systems of mud
volcanoes consist of long and narrow mud-filled planar fractures
(e.g.,Morley et al., 1998; Morley, 2003b). Mobile shale dykes have
also been used to examine paleostress orientations in Brunei (Tingay
et al., 2003). Steepmud-filled intrusions have been referred to as hydrau-
lic fractures (e.g., Morley et al., 1998;Morley, 2003ab) and interpreted as
potential pathways for the transport of themud–fluidmix to the surface
(Davies et al., 2007). In this sense, a mud–fluid mix would operate like
magma dykes and open hydrofractures propagating toward the surface
whether fluid pressure (Pf) exceeds both the minimum principal stress
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(σ3) and tensile strength (T) of the overburden (Pf>σ3+T; e.g., Sibson,
1998). The level of fluid pressure is generally expressed by the factor
λv=Pf /σV (Hubbert and Rubey, 1959), where σV=ρgz is the vertical
lithostatic stress (ρ is the bulk rock density, g is the gravity acceleration,
and z is the depth).

The emplacement of the mud–fluid mix up through these fractures
may construct mud ridges or discrete gryphons that may be aligned
above a feedermuddyke not completely reaching the surface, in a similar
fashion to magmatic settings (Figs. 3a, 4). In some cases, the mud-filled
intrusions may propagate laterally from the main eruptive centre and
construct the elongated, large,mud volcanoes (cf. Fig. 2b). The elongation
of individual vents closely constrains fissure orientation, and this aspect
has thus received great emphasis in the definition and ranking of mono-
genetic volcanic vent alignments (Paulsen and Wilson, 2010; Fig. 4a).
This procedure has been implemented and adapted to mud volcanism,
and the reliability assessment system (A>B>C>D) reported in Table 1
(see Bonini and Mazzarini, 2010). Besides the typical location over the
crests of anticlines, mud volcano fields can be attributed to the platform
and flank volcano settings typical of the magmatic provinces. The
1.5 km-long vent alignment and the parasitic cones puncturing theflanks
of the large mud volcano in the Ormara field (Pakistan) exemplify both
settings (Fig. 4c, d).

The elongation direction of individual mud volcanoes is taken as
the major axis of the ellipse best approximating the map-view base
of the volcanic edifice, with the volcano centre corresponding to its
summit (Figs. 3b, 5). The proposed reliability assessment system
(A>B>C>D) for mud volcano elongation integrates the volcano
a b c

elongate
mud
edifice

elongated
mud vent

vent
mud
dyke

e

Fig. 3. Cartoons showing the various associations of mud volcano features used as indicator
spectively). (a) Vents stemmed from an underlying feeder mud dyke. (b) Elongated mud v
(inspired to the extinct Montegibbio mud volcano in the Northern Apennines). (d) Elliptic
(e) Mud caldera and associated intracaldera elements, such as vent alignments and elonga
Panel a is after Bonini and Mazzarini (2010).
shape index (VSI; i.e., long axis/short axis of the best-fit ellipse) with
the length of the long volcano axis (LVA), and is reported in Table 1.
Note however that the mentioned quality classes of mud vent align-
ment and volcanoes do not correspond to those used in the World
Stress Map.
3.2.2. Mud caldera elongation
Mud volcano calderas and collapse structures (e.g., Prior et al.

1989; Somoza et al. 2003) are referred to voluminous mud withdraw-
al either from subsurface reservoirs (e.g., Fowler et al., 2000; Deville
et al., 2006), or from deep source layers connected to the surface by
feeder pipes and dykes (e.g., Stewart and Davies, 2006; Davies et al.,
2007). These depressions are thus conceptually similar to the classical
volcanic calderas that show clear relationships between loss of vol-
ume in the shallow subsurface and caldera collapse (e.g., Cole et al.,
2005; Acocella, 2007).

Mud calderas from Azerbaijan and the Northern Apennines often
show an elongated plan view shape (Bonini, 2008; Roberts et al.,
2011b). Regardless of those exploiting pre-existing fabrics, some
mud calderas topping the crest of anticlines are inferred to elongate
parallel to the Sh direction (e.g., Bonini, 2008; Fig. 3d). The short axis
of these mud volcano depressions is often parallel to the regional SH
(Bonini and Mazzarini, 2010), which causes the caldera to shorten in
this direction and to attain its elliptical shape. Mud calderas would
thus reflect the shape of the underlying strained fluid chambers
(e.g., Roberts et al., 2011b) that become elongated in the Sh direction
f

d

d direction of
crater opening

mud
caldera rim

s for the orientation of the maximum and minimum horizontal stresses (SH and Sh, re-
olcano edifice. (c) Direction of crater opening associated with transverse normal faults
al mud caldera-like depression. (e, f) Theoretical association of mud volcano features.
ted mud cones/volcanoes. (f) Elongated mud volcano and associated summit caldera.
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Fig. 4. Morphologic characteristics of vent alignments. (a) Attributes used to characterise and assess volcanic vents alignments, specifically (1) the number of vents composing the
alignment, (2) the standard deviation of vent centre points from a best-fit line obtained from linear regression, (3) the number and type of elongated vents, (4) the standard angular
deviation of vent long axes from the direction of the best-fit line, and (5) average vent spacing distances. Field examples of aligned vents and gryphons. (b) ~N160°E-trending
gryphon alignment at the Dashgil mud volcano, Azerbaijan (N39°59′47″ E49°24′09″; 23rd May 2010). (c, d) Row of (~30) vents in the Ormara mud volcano field (N25°21′46″
E64°42′26″), Makran coast, Pakistan, defining a 1.5 km long and ~N27°E-trending alignment. (c) Satellite image, and (d) interpreted line-drawing of mud volcano features. Note
the presence of mud edifices elongating sub-parallel to the main alignment trend. Parasitic gryphons puncture the flanks of the mud volcano settled beside the northern end of
this vent alignment. Both volcano elongation and the alignment of parasitic vents are consistent with a ~N25°E direction. The dashed arrows in (d) indicate the direction of the
maximum horizontal stress SH deduced from these mud volcano features.
Panel a is redrawn after Paulsen and Wilson (2010). Panel c is extracted from Google Earth®; http://earth.google.it/download-earth.html.
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due to the borehole breakout mechanism (e.g., Bosworth et al.,
2000, 2003).

The crestal region of folds may also experience layer-parallel
stretching above a neutral surface produced by ‘tangential–longitudinal
strain folding’ (Ramsay, 1967). Subsurface outer-arc normal faults
may thus control the shape of mud calderas, which would elongate
parallel to a local, shallow, fold axis-parallel SH (Fig. 6a). Mud cal-
deras have thus been differentiated into those elongating parallel to
the Sh, or the SH. The trend of intracaldera features (i.e., rows of vents,
elongatedmud volcanoes; Fig. 3e)with respect to the fold axis direction
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Table 1
Reliability assessment system (A>B>C>D) for mud volcano stress indicator features (from Bonini and Mazzarini, 2010).

Mud vent alignments

Reliability
grade, RG

Number
of vents

Average distance of
vents from best-fit
line

Standard deviation
best-fit line
distance

Index of vent elongationa Standard angular
deviation vent long
axes

Average vent spacing distance
projected on the best-fit line

Standard
deviation of
spacing

(m) (m) (°) (m) (m)

A ≥7 ≤0.01 L ≤0.01 L No shape data ≤30 ≤0.1 L ≤0.1 L
≥4 ≤0.02 L ≤0.02 L 1 cleft cone -or- 1 fissure ridge

-or- 2≥1.6 -or- 1≥1.6 and
1≥1.4

≤30 No limit No limit

B ≥5 ≤0.015 L ≤0.015 L No shape data No shape data ≤0.1 Lb or ≤0.12 Lc ≤0.1 Lb or
≤0.12 Lc

≥3 ≤0.02 L ≤0.02 L 1≥1.6 -or- 2≥1.4 -or- 1≥1.5
and 2≥1.2

≤35 No limit No limit

C ≥4 ≤0.02 L ≤0.02 L No shape data No shape data ≤0.1 Lb or ≤0.12 Lc ≤0.1 Lb or
≤0.12 Lc

≥3 ≤0.025 L ≤0.025 L 1≥1.4 -or- 2≥1.2 ≤40 No limit No limit
D ≥3 ≤0.02 L ≤0.02 L No shape data No shape data ≤0.12 Lb or ≤0.15 Lc ≤0.12 Lb or

≤0.15 Lc

≥3 ≤0.025 L ≤0.025 L 1≥1.2 >40 No limit No limit
≥3 ≤0.035 L ≤0.035 L 2≥1.2 >40 No limit No limit

Volcano elongation

VSI LVA
(m)

A ≥1.6 ≥1000
B ≥1.4 ≥1000

≥1.6 ≥500
C ≥1.2 ≥1000

≥1.4 ≥500
≥1.6 ≥100

D ≥1.2 ≥500
≥1.3 ≥100
≥1.4 b100

Caldera elongation

CEI LDA Number and rank of intracaldera elementsd (vent alignments or elongated volcanoes)
(m)

A ≥1.4 ≥500 ≥1 A-ranked
B ≥1.3 ≥500 ≥1 B-ranked

≥1.4 ≥300 ≥1 B-ranked
C ≥1.2 ≥500 ≥1 C-ranked

≥1.3 ≥300 ≥1 C-ranked
≥1.4 ≥100 ≥1 C-ranked

D ≥1.2 b100 ≥1 D-ranked, or caldera-parallel faults, or fold-axis oblique calderas

L, length of vent alignment.
a Volcano/vent elongation (from Paulsen and Wilson, 2010): vents with best-fit ellipse axial ratios b1.2 are classified as circular, ≥1.2 and b1.4 as slightly elongated, ≥1.4 and

b1.6 as elongated, ≥1.6 and b1.8 as very elongated, and ≥1.8 as cleft cones.
b For vents on the flanks of large volcanoes or topping the crest of anticlines.
c For vents within platform fields. VSI, volcano shape index (long axis/short axis); LVA, length of the longer volcano axis; CEI, caldera elongation index (long axis/short axis); and

LDA length (m) of the long depression axis.
d Orientation of intracaldera mud volcano elements with respect to the long caldera axis: cova, caldera-orthogonal vent alignment; cpva, caldera-parallel vent alignment; coev,

caldera-orthogonal elongated volcano; cpev, caldera-parallel elongated volcano; cpf, caldera (and fold-axis)-parallel faults. Relationships between elongated mud calderas and fold
anticlines hosting mud volcanism: fpc, fold-axis parallel LDA; forc, fold-orthogonal LDA; fobc, fold-axis oblique LDA (when the angle between the LDA and the fold axis exceeds
20°); unr, calderas unrelated to fold anticlines; und, relations between calderas and fold anticlines undefined. D grade is attributed to mud calderas when the determination is
based only on caldera-parallel faults or fold-axis oblique LDA.
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may help identifying the different models of caldera elongation
(Fig. 6a, b). The long caldera axis may also display some obliquity
to the fold trend (Fig. 6c), and mud calderas may elongate orthogo-
nal to the outer-arc faults (Fig. 6d), both cases suggesting autonomy
from such faults (e.g., Roberts et al., 2011b). Outer-arc faults are also
likely to control the emplacement of linear mud ridges at the core of
anticlines (Fig. 6e). A data quality ranking of elongated mud calderas
(A>B>C>D) is reported in Table 1; this combines the caldera elonga-
tion index (CEI; long axis/short axis of the best-fit ellipse), the
length of the longer depression axis (LDA), and the presence of
intracaldera elements.
4. A case study from the Northern Apennines (Italy) mud volcanoes

4.1. Regional framework

The Northern Apennines is an ~NE-verging fold-and-thrust belt
developed in the framework of the Euro-African convergence. A
north-eastward migrating thrust front-foredeep basin system de-
veloped in Oligocene–Miocene, during which siliciclastic foredeep
sequences were progressively incorporated into the thrust wedge
(e.g., Ricci Lucchi, 1986). The Ligurian Units represent allochtho-
nous oceanic remnants of Alpine Tethys, and are uppermost in the
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Apennine nappe pile. The Ligurian Units are widely exposed in the
Emilia Apennines, while they are limited in the Romagna Apennines
where the underlying Marnoso Arenacea foredeep sandstones dominate
(Fig. 7a). The Pede-Apennine margin represents the main physiographic
element separating an uplifted and exposed accretionary wedge from
the topographically flat Po Plain, where the more external thrust fronts
are buried beneath a thick sequence of Pliocene–Quaternary sediments
(Pieri and Groppi, 1981; Fig. 7a).

Mud volcanoes typically occur on the Pede-Apennine foothills along
a belt sub-parallel and adjacent to the Pede-Apenninemargin. The latter
is marked by a rather continuous NNE-verging and SSW-dipping thrust
system referred to hereafter as ‘Pede-Apennine thrust’ front (PAT)
(Boccaletti et al., 1985; Fig. 7a). Historical and instrumental seismicity dis-
tribution (Castello et al., 2006) and thedominant reverse earthquake focal
solutions (Pondrelli et al., 2006) suggest that frontal thrusts and lateral
thrust ramps are potentially seismogenic (Boccaletti et al., 1985, 2004;
Selvaggi et al., 2001; Calderoni et al., 2009; Fig. 7a). Geological and geo-
physical evidence support the ongoing compressional tectonic activity
of the PAT, which displaces post‐800 ka continental deposits and 125 ka
-old alluvial terraces (Ghiselli and Martelli, 1997; Benedetti et al., 2003;
Boccaletti et al., 2004). Segments of the PAT have also been identified as
individual seismogenic sources associated with some historical events
(Basili et al., 2008; DISSWorking Group, 2010; Fig. 7a). The PAT is imaged
as a steep thrust surfacing at specific sectors along the Emilia
Pede-Apennine margin (Benedetti et al., 2003; Boccaletti et al., 2004).
The Romagnamountain front on the contrary is associatedwith an exten-
sive foreland-dipping monocline lifted by NE-dipping backthrusts
(Boccaletti et al., 2004).

The mud volcanoes almost invariably occur over the Ligurian Units,
presumably taking advantage of the overpressures that this imperme-
able barrier is expected to generate (Fig. 7a, b). In contrast, only gaseous
(methane) emissions occur in the Romagna Apennines where these
rock units are absent (e.g., Bonini, 2007) (Fig. 7a, c). Methane is sourced
from theMarnoso Arenacea and/or deeper, mostly Triassic, rocks (Pieri,
2001), and normally exceeds 90% in the mud volcanoes. The Marnoso
Arenacea sandstones provide most of the formation water (Lindquist,
1999), while the Ligurian Units have originated most of the extruded
rock fragments (e.g., Kopf, 2002).

4.2. Structural setting of the Pede-Apennine mud volcanoes

Mud volcanoes basically localise over the hangingwall of the PAT,
most often above the crest of thrust-related folds. Frequently the PAT
lifts and folds the continental Lower and Upper Emilia–Romagna
Synthems (0.65–0.45 Ma and 0.45 Ma–Present, respectively) that uncon-
formably overlie the marine Pliocene–Early Pleistocene sediments
(Regione Emilia–Romagna and ENI — AGIP, 1998; Boccaletti et al.,
2004). In some places (around San Polo d'Enza) the PAT mountain front
is characterised by prominent faceted spurs, a laterally continuous
and sharp basal scarp and strong fluvial hangingwall erosion, which im-
part a morphostructural signature typical of active thrusting (Boccaletti
et al., 2004). These geological and geomorphic elements demonstrate
a post-0.45 Ma and potentially ongoing PAT tectonic activity (see
Section 4.1).Mudvolcanism is thus intimately linked to the PAT, and is es-
sentially connected to the structurally controlled fluid pathways resulting
from the deformation of its hangingwall (Bonini, 2007, 2009). The Nirano
mud volcano will now be briefly described to exemplify these relations.

TheNirano venting area is located approximately 2 km southwest of
the PAT (Fig. 8). The vents are hosted in an elliptical flat depression that
coincides with the crest of an anticline folding the Pliocene–Early Pleis-
tocene claystones (Regione Emilia-Romagna, 2005; Bonini, 2007). The
long depression axis is slightly oblique (ca. 20°) to the anticline trend
(Fig. 8). Fractures collected around the mud volcano depression and
along the fold trace can be broadly subdivided into a fold-orthogonal

image of Fig.�5
http://earth.google.it/download-earth.html


-caldera (and fold axis)-parallel vents
-caldera (and fold axis)-parallel mud volcano a 

-fold axis-orthogonal mud caldera
d 

b 
-caldera (and fold axis)-orthogonal vents
-caldera (and fold axis)-orthogonal mud volcano

-caldera long axis oblique to fold axis
-mud volcanoes and vents oblique to fold axis

c 

elongated outer-arcanticline

mud caldera 
aligned vents
above a feeder dyke

-mud ridgee 

normal fault/fracture

neutral
surface

mud volcano axis fault 

Fig. 6. Idealised geometric relations between stress axes and elongated mud calderas and mud ridges developed atop the fold anticlines. (a) Caldera elongation controlled by
fold-axis parallel outer-arc faulting, in which mud calderas elongate parallel to the fold axis and local SH (see the 3D block diagram at the bottom right-hand side; adapted from
Carminati et al. (2010)). (b) Mud caldera elongating parallel to the fold axis and local Sh. (c) Mud caldera elongating obliquely to the fold axis and parallel to the local Sh. (d) Caldera
elongating sub-orthogonal to the fold axis and outer-arc normal faults. (e) Linear mud ridge intruded at the core of an anticline. SH, maximum horizontal stress; Sh, minimum hor-
izontal stress. The fold axis-parallel SH in (a), (d) and (e) is intended as a shallow and local SH.
Panel d is inspired from Stewart and Davies (2006). Panels a–c are after Bonini and Mazzarini (2010).
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set (cross-fold set or set ac) and a fold-parallel set (strike joints or set
bc) (for details, see Bonini, 2007). Both sets clearly follow the rotation
of the anticline axis from ~ESE to ~SE as this fold approaches the
~NE-trending strike-slip fault that delimits the mud volcano field
to the southeast (Fig. 8). Mesoscopic faults collected along the trace
of this transverse fault suggest dominant left-lateral fault kinemat-
ics, compatible with both the apparent PAT offset and the deflection
of the fold axis (Fig. 8). Other fluid escape sites in the area localise
above a backward fold near the Rio del Petrolio creek.

4.3. Stress indicator features from the Pede-Apennine mud volcanoes

The relationships of mud volcanoes with the stress field (Section 3
and Table 1), and structural elements are illustrated in key areas from
Northwest to Southeast. The attributed reliability classes and stress
data obtained from other mud volcano fields of the Pede-Apennine
margin are reported in Table 2.

4.3.1. Rivalta and Torre
The Rivalta and Torre mud volcano fields occur in elliptical depres-

sions approximately coincidentwith the axis of an ~WNW–ESE-trending
anticline (Fig. 9a). Both depressions are interpreted here as ellipticalmud
calderas with long axis trending N110°E (Rivalta) and N105°E (Torre).
The Rivalta field is hosted in a sub-tabular mud-filled depression,
and active seepage currently occurs as short gryphons and small
bubbling pools in its central sector (Fig. 9a). Vents define ~N30°E
and ~N110°–120°E alignments, which trend sub-orthogonal and
sub-parallel to the fold and depression long axis, respectively. The
Torre field depression exhibits comparatively steeper scarps that
connect downsection to a gentler zone likely to represent the residual cal-
dera floor (Fig. 9a). Fluid venting occurs in two areas corresponding to the
apical part of small creeks entering the amphitheatre (Fig. 9a, b). The vents
mostly consist of bubblingmudpots that are aligned in aN10°–15°Edirec-
tion; very similar vent alignments were reported in Biasutti (1907). An
~10 m-tall sub-conical morphologic high between the two venting areas
is suspected to represent a relicmud cone elongating in aN–NNEdirection
(Fig. 9a). Both the intracaldera vent alignments and the elongated mud
cone trend sub-orthogonal to the anticline and depression axes,
suggesting Sh-parallel caldera growth (Fig. 9a). Though less con-
strained, a similarmechanism can be suggested for the Rivalta depression
where the major vent alignment also trends sub-orthogonal to the anti-
cline and caldera axes. The Torre and Rivalta depressions would be thus
consistent with local SH directions striking respectively N15°E and
N20°E (Table 2). The caldera dimension and elongation, together with
the intracaldera elements, allow the attribution of the Rivalta and Torre
stress data (Sh) as quality classes D and C, respectively (Table 2).
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4.3.2. Montegibbio
TheMontegibbio area has beenmentioned in several historical chron-

icles (as Salsa di Montegibbio or Salsa di Sassuolo) owing to its recurrent
explosive activity (e.g. Dé Brignoli di Brunnhoff, 1836). However, the
present-day activity is radically reduced, as this is merely represented
by small pools with limited gas bubbling. Such pools occur within a
NNE-trending moderately elongated depression (Fig. 10a). Though not
universally accepted (e.g. Barbieri, 1947), this depression is thought to
be linked to massive evacuations of subsurface material. A ~NNE-
trending fault, of undefined kinematics, coincides with the long de-
pression axis, suggesting a fault control on caldera elongation. Other
~NNE-trending transverse fault segments occur on the eastern flank
of the Secchia River valley (Fig. 10a). The displacement of stratigraphic
boundaries suggests that they are normal faults that likely formed to ac-
commodate the differential flexure of the PAT hangingwall.

The mud volcano that caused the large 1835 eruption (described in
detail and mapped by Dé Brignoli di Brunnhoff, 1836; Stöhr, 1867) is
now extinct and is positioned over the northern edge of this depression
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Table 2
Geometric parameters and stress indicator use of Emilia–Romagna mud volcano features.

Mud volcano Elongated caldera Aligned vents Elongated volcano

Axis CEI
a/b

LDA
az

Intracaldera
vent
alignment or
elongated
volcano

LDA trend to
anticline axis

Local S az RG Length Vent
numb.

Elong.
vents no.

Az (°) −
local SH

RG LVA (a) VSI RG

(m) (°) (°) (m)

Long (a)
LDA

Short
(b)

No. Or.a RG SH Sh Length Az
(m) (°)

Rivalta
N44°37′50″
E10°19′34″

540 370 1.46 110 1 cova D fpc 110 D 15 7 30 D
1 cpva D 80 5 120 D
1 cpva D 15 8 110 D

Torre
N44°37′16″
E10°20′15″

350 260 1.35 105 1 cova B fpc 105 C 35 6 10 B 120 15 1.52 D
1 coev D

Casola-Querzola
N44°34′26″
E10°34′00″

26b 3b 15b D

Regnano
N44°33′29″
E10°34′33″

150 105 1.43 105 1 cpf D fpc 105 D 40 12 1.43 D
1 coev

Montegibbio
N44°31′07″
E10°46′45″

550 470 1.17 30 – unr. – – 600 4 15 C

Nirano
N44°30′49″
E10°49′25″

500 350 1.43 100 5 cova C–
B

fobc 100 B 20 4 ≥1 50 C
60 7 ≥1 60 B
50 6 ≥1 7 B
40 5 10 C
25 3 20 D
50 5 18 C

Centora
N44°28′09″
E10°47′41″

380 300 1.27 115 – und. – –

Montebaranzone
N44°29′01″
E10°46′22″

65 50 1.30 98 – und. – –

Madonna di
Puianello
a) Possessione
N44°27′57″
E10°51′45″

470 340? 1.38 110 2 cova C unr. 110 C 24 4 05 C 18 15 1.28 –

18 5 01 C

b) Rio delle
Sarse
N44°27′57″
E10°51′45″

300c 4c 20c D

Canalina
N44°24′50″
E10°43′40″

30 25 1.20 111 1 cova D unr. 111 D 5 3 30 D

Ospitaletto
N44°26′22″
E10°53′03″

40 25 1.60 155 1 cpva C und. 155 C 20 5 170 C
7 3 110 D

Macognano
N44°21′11.5″
E10°32′58″

15 14 1.07 110 – und. – –

Sassuno
N44°20′09″
E11°27′16″

25 20 1.20 97 1 cova C fobc 97 D 10 4 5 C

Sellustra
N44°20′09″
E11°35′03″

2700b 4b 25b D

Casalfiumanese
N44°18′12″
E11°37′35″

130 4 135 D

Az, azimuth (0°–180° interval). CEI, caldera elongation index (long axis/short axis); VSI, volcano shape index (long axis/short axis); LDA, long depression axis; and LVA, long vol-
cano axis. RG, reliability grade (A>B>C>D); data quality assessment follows the criterions described in Table 1.

a Or, Orientation of mud volcano elements associated with calderas and/or folds.
b Data obtained from maps in Biasutti (1907).
c Data obtained from maps in Ferrari and Vianello (1985).
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(Fig. 10a, b). Dé Brignoli di Brunnhoff (1836) described the crater as a
semi-elliptical depression bounded by rims ~15.7 m tall and 8.4 m tall
before and after the eruption, respectively. Currently, this relicmud vol-
cano slightly exceeds 10 m in height, and shows a ~WNW-directed
crater opening roughly perpendicular to the strike of the normal
faults and the SH (Figs. 3c, 10c). Moreover, the extinct mud volcano
is aligned with both the active bubbling pools and another extinct
salsa defining a ~N15°E direction (Table 2). Numerous NNE-trending



Fig. 9. (a) Rivalta and Torre mud volcano fields, northern Italy. Structural and mud volcano features are reported onto a 5 m-resolution digital terrain model (DTM courtesy of
Regione Emilia–Romagna; location in Fig. 7a). The dashed arrows indicate the obtained directions of local SH and Sh. (b) Active venting at area II of the Torre field (30th January
2009). The stereonets (Wulff net, lower hemisphere) report the intracaldera vents alignments and elongated vents (red dashing), together with the local trend of anticline axis
(thick black line).
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fractures developed during the 1835 eruption at several hundreds of
metres from the mud volcano (Dé Brignoli di Brunnhoff, 1836), and
could be associated with the emplacement of the mud-fluid mix along
a subsurface feeder dyke (Fig. 10a, b). Other ESE-trending fractures
formed near themain crater and developed in the direction of the crater
opening (Fig. 10a, b), defining a setting that shows some analogieswith
dykes originating from igneous volcanoes (e.g., Takada, 1997).

4.3.3. Nirano
Nirano is one of themost spectacular gryphon fields of the Northern

Apennines, and is thus protected as natural reserve (Salse di Nirano).
The vents are hosted in an elliptical flat depression that is flanked by
steep scarps in Pliocene–Early Pleistocene marine claystones (Fig. 8).
The depression elongates in a N100°E direction and its short ellipse
axis trends ~N10°E (Bonini, 2008; Fig. 11a and Table 2). The ongoing
fluid emission occurs at a number of gryphons and vents (~30 in
March 2009) clustered into four main venting areas (referred to as I to
IV) that correspond to larger extrusive edifices slightly exceeding 3 m
in height (Fig. 11b, c). The activity of thismud volcano can be essentially
regarded as quiet (Bianconi, 1840; Biasutti, 1907), although old chron-
icles and more recent observations have documented relatively vigor-
ous phases of fluid emission.

Intracaldera vents define an ~ENE alignment that has been common-
ly traced across thewhole caldera, and thus regarded as the dominant set
(average N55°E; e.g. Castaldini et al., 2005; Bonini, 2007). Other
vents delineate shorter N–NNE trends that are orthogonal to the el-
lipse long axis, and thus slightly oblique to the anticline axis traced
across the depression (Figs. 8, 11c; Table 2). Both directions are
supported by the presence of elongated edifices and mud mounds
resulting from coalescent extrusive features (Fig. 11b, c). Yet, the con-
temporaneous presence of such ~ENE and N–NNE-trending intracaldera
alignments cannot be easily explained. One possible explanation is that
the ~ENE alignment, which emits the great part of thematerial, is intrud-
ing pre-existing cross-fold (ac) joints to which it strikes sub-parallel
(plot A in Fig. 8; Bonini, 2007). Instead, the N–NNE-trending set could
be linked to caldera-forming stresses, this set being perpendicular to
the long caldera axis (plot A in Fig. 8). Long-term vent position has
been established from the superposition of the current vent distribution
(2009) with older maps, such as those reported in Biasutti (1907) and
Mucchi (1968). The results indicate that venting has essentially been oc-
curring in the same spots, with the most relevant difference being the
comparatively higher importance of the N–NNE-trending vent align-
ments in area I during 1906–07 and 1966 (Fig. 11c). Dimensions, eccen-
tricity and rank of the intracaldera vent alignments have allowed the
attribution of the Nirano caldera stress data to class B (Table 2). It
might be worth noting that the N10°E SH is coherent with the dominant
sinistral kinematics of the NE-trending fault that delimits the Nirano cal-
dera to southeast (Fig. 8).
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Fig. 10. (a) Montegibbio mud volcano field (relic Salsa di Montegibbio), northern Italy. Structural and mud volcano features are reported onto a 5 m-resolution digital terrain model
(DTM courtesy of Regione Emilia–Romagna; location in Fig. 7a). The fractures that accompanied the 1835 eruption (blue lines) are taken from Dé Brignoli di Brunnhoff (1836). The
dashed arrow indicates the inferred local SH direction. (b) Original cartoon showing the surface features observed after the 1835 eruption (after Dé Brignoli di Brunnhoff, 1836).
(c) Topographic map of the Salsa di Montegibbio; the red dashing outlines the mud volcano edifice, and the white arrowhead indicates the direction of crater opening, which is
almost perpendicular to the normal fault strike and SH.

135M. Bonini / Earth-Science Reviews 115 (2012) 121–152
4.3.4. Madonna di Puianello
TheMadonna di Puianello vents occur in twomain areas, the Casa

Possessione and Rio delle Sarse (Fig. 12a). The active venting at Casa
Possessione is characterised by gryphons and bubblingmud pools lo-
cated in a typical flat depression that probably represents another
caldera-like feature. This depression is elliptical in shape, but only
its southern rim is preserved and clearly identifiable (Fig. 12a, d). A
ca. N33°E-trending morphologic crest originating from this depression
is tentatively interpreted as a mud ridge (Fig. 12a). The intracaldera
vents defineN–S toN5°E alignments that are consistent with the geom-
etry of elongated edifice, including a relatively large mud cone with
N15°E long axis (Fig. 12b, c; Table 2). Clear N- to NNE-trending vent
alignmentswere alsomapped byBiasutti (1907). Small vents punctuate
the Rio delle Salse, northward of the depression (Ferrari and Vianello,
1985; Gasperi et al., 1987), and outline a trend around N20°E (Fig. 12a
and Table 2). The long axis of the Casa Possessione depression trends
ca. N110°E, thus roughly orthogonal to both the intracaldera vents
and the suspectedmud ridge, as well as to the alignment of vents iden-
tified along the Rio delle Sarse (Fig. 12a). This setting, along with the
consideration that the Puianello depression is not located over an anti-
cline crest, is interpreted as a case of mud-caldera elongation in the Sh
direction.

4.4. Mud volcano stress data and relations with the regional stress field

The orientation of stress axes obtained from the Pede-Apennine
mud volcanoes have been reported in Fig. 13a and plotted on a rose di-
agram in Fig. 14a (data from Table 2). The Sh directions materialised by
the caldera long axes are dominantly E–W to ESE orientated. Instead,
the SH directions obtained from vent alignments and the few volcano
elongations show a dominant NNE trend (Fig. 13a and Table 2), which
is roughly perpendicular to the trend of thrust faults and folds.

These stress directions are in good agreement with those derived
from different geophysical information, such as the SH axes reported
in the World Stress Map (WSM) database, earthquake focal mecha-
nism solutions, and well bore breakouts (Fig. 13b). Generally, the
SH trajectories obtained from mud volcanoes are sub-parallel to
both the WSM SH and the earthquake P-axes distributed around the

image of Fig.�10


100°

N
a 

c 

b 

Vent alignment

500 m

100 m

N 

September 1906, March 1907
(Biasutti, 1907)

March 2009

Variation through time
of (a) mud volcano
edifices and (b) vents:

b 

July 1966
(Mucchi, 1968)

Casa Rossa 

Casa Giulia 

N60°E

I 

III 

IV

II N18°E
a b

Mud caldera rim

Caldera fill and 
mud flow

(a) Mud cone edifice,
and (b) active vent

Fault (arrows indicate the
strike-slip component)

Photo viewpoint
a b 

N10°E
N07°E

N50°E
N20°E

Fig. 11. (a) Nirano mud volcano field, northern Italy. Structural and mud volcano features are reported onto a 5 m-resolution digital terrain model (DTM courtesy of Regione Emilia–
Romagna; location in Fig. 8). The dashed arrow indicates the inferred local Sh direction. (b) View of an elongated ~N50°E-trending vent (10th September 2008). (c) Variation
through time of the extrusive edifices and vents contained within the elliptical depression; I–IV, main venting areas.
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Pede-Apennine margin. This setting is particularly evident around
Nirano (no. 7) and Montegibbio (no. 6), where the mud volcano-
related stresses reveal consistent N10°E to N15°E SH axes (cf. Fig. 13a
with Fig. 13b). SH axes trending between N10°E and N15°E have also
been determined in the Rivalta (no. 1) and Torre (no. 2) fields, where
the N105°E and N110°E-trending Sh axes (identified from the calderas)
remarkablymatch the breakouts andWSM data (cf. Fig. 13a and b). The
Rivalta (no. 1) and Torre (no. 2) SH axes also show a striking correspon-
dencewith the N14°E-trendingσ1 axis computed from the earthquakes
that hit near these mud volcanoes on 23rd December 2008 (Fig. 13b).

Following Bonini andMazzarini (2010), a cumulative analysis of the
mud volcano stress indicators has been attempted for estimating a
mean direction of the regional SH. This analysis has considered the
local SH directions obtained from (1) vent alignments, (2) volcano elon-
gations, and (3) short caldera axes (Fig. 14b). The distribution of mud
volcano stress directions has been obtained by weighting the stress
data by the attributed reliability classes (Table 2). A Fisher distribution
analysis defines a main cluster in the N8°E–16°E interval, with the
main frequency peak striking ~N14°E (Fig. 14c). These results suggest
that the N8°E–16°E range could approximately contain the direction
of regional SH. Despite the relatively low number of stress indicator
data, this direction interval is in excellent agreement with the orienta-
tion of the present-day stresses in the Earth's crust estimated from the
WSM data, which indicate a maximum data point concentration in the
N10°E–20°E interval (Fig. 14d). The mud volcano-deduced N8°E–16°E
SH interval alsomatches well the N99°E-trending Sh direction represen-
tative of the active stress in the Ferrara thrust folds (Montone and
Mariucci, 1999), several tens of kilometres northeast of the mud volca-
nic belt (Fig. 13b). Notably, a consistent N12°E-trending σ1 axis has
been computed from the very recent (Mw=5.9, Mw=5.0, Mw=4.9;
INGV TDMT, 2012) earthquakes that struck this area on 20th May
2012 (Fig. 13b). Finally, the mud volcano stresses are well comparable
with the average ~N16°E-trending regional GPS velocity determined
in this sector of the Apennines (D'Agostino et al., 2008; Fig. 13b). It is
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Fig. 12. (a) Mud volcanism at Casa Possessione and Rio delle Sarse (Madonna di Puianello field), northern Italy. Structural and mud volcano features are reported onto a 5 m-res-
olution digital terrain model (DTM courtesy of Regione Emilia–Romagna; location in Fig. 7a); the small vents along the Rio delle Sarse are taken from Ferrari and Vianello (1985)
and Gasperi et al. (1987). The dashed arrows indicate the direction of local SH and Sh inferred from the mud volcano features. (b) Alignments of vents near Casa Possessione, and
(c) view of active gryphons. Note the dark flows indicating the expulsion of bituminous material. (d) Lateral view of the Casa Possessione depression hosting the gryphon field
(15th October 2008).
Image in panel b is extracted from Google Earth®; http://earth.google.it/download-earth.html.
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concluded that the SH trend (N8°E–16°E range) estimated from the
Pede-Apennine mud volcanoes represents a reliable proxy for the con-
temporary regional SH operating in the external area of Northern Apen-
nines, and that the collection of this kind of features over a wide belt
may hint reliably for the active stress pattern.

5. Stress indicators from mud volcanoes of Azerbaijan

The potential application of this methodology will now also be
discussed for Azerbaijan, which is the best known area of mud
volcanism on Earth. There, previous work on stress indicators was
determined on the basis of remote sensing studies (Bonini and
Mazzarini, 2010; Roberts et al., 2011b). New ground-truthing has
been carried out in Azerbaijan to improve the identification of the
mud volcano features, and some results of this analysis are presented
below. Themethodology has also been tested in a number of case histo-
ries from well-known areas of mud volcanism worldwide, including
Kerch-Taman, Makran, Hokkaido and Sakhalin, and the Indonesian
Archipelago; the cases are illustrated in Appendix A, Supplementary
data.
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5.1. Geologic setting of Azerbaijan mud volcanoes

Azerbaijan exposes the most impressive examples of onshore
mud volcanoes worldwide (Jakubov et al., 1971). Azerbaijan features
mostly occur at the south-eastern termination of the S–SSW-verging
Greater Caucasus fold-and-thrust belt (Jakubov et al., 1971; Guliyev
and Feizullayev, 1997; Alizadeh, 2008) (Fig. 15a). The front of this
range is characterised by lines of elongated SW-to-WSW-vergent an-
ticlines that deform the Pliocene–Pleistocene deposits and continue
in the submerged Absheron Sill up to onshore west Turkmenistan,
on the eastern side of the Caspian Sea (e.g., Allen et al., 2003, 2004;
Stewart and Davies, 2006; Fig. 15a). These folds deform the (up to 5 km
thick) latest Miocene–early Pliocene ‘Productive Series’ of fluvial–deltaic
sands, and detach in underlying Oligocene–Miocene ‘Maykop’ shales
(Jakubov et al., 1971; Abrams and Narimanov, 1997; Devlin et al., 1999;
Stewart and Davies, 2006).

Mud volcanoes are associated with hydrocarbon traps and typically
puncture the crests of anticlines (Jakubov et al., 1971; Guliyev and
Feizullayev, 1997; Fowler et al., 2000; Cooper, 2001; Planke et al., 2003;
Stewart andDavies, 2006; Fig. 15a). The abundantmudvolcanism is likely
to have resulted from the combination of different factors, such as (1)
very fast (post-4–5 Ma) sedimentation rates, (2) tectonic compression,
and (3) hydrocarbon maturation and degassing of the rapidly buried
Maykop organic-rich sediments (Guliyev and Feizullayev, 1997; Fowler
et al., 2000; Yusifov and Rabinowitz, 2004). The Maykop Series is the
most important regional source rock for hydrocarbons (Jones and
Simmons, 1997) and the mud volcano systems (Inan et al., 1997).

5.2. Mud volcano stress indicators with some field examples

The distribution of local maximum horizontal stress directions (SH)
obtained from Azerbaijan mud volcanoes are shown in Fig. 15b and
reported in Table A1 of Supplementary Material (for details, see Bonini
and Mazzarini, 2010). The stress indicator azimuths reveal clear clusters
in volcano elongation, vent alignment, caldera and summit caldera elon-
gation (Fig. 15c). The cumulative analysis of SH axes yields amain prefer-
ential orientation in the interval N20°–40°E (Fig. 15d) with a main
frequency peak trending around N30°E, and a secondary peak striking
ca. N110°E (Fig. 15e). This statistical distribution is basically similar to
that obtained from the World Stress Map SH axes (Heidbach et al.,
2008) situated on the onshore Greater Caucasus (cf. Fig. 15e with 15f).
The ~N30°E peak – which trends orthogonal to the Greater Caucasus
range (Fig. 15a) – can be thus considered a reliable proxy for the regional
SH orientation. The other ~N110°E-trending secondary cluster has been
identified in the distribution of both mud volcano and World Stress
Map SH axes (cf. Fig. 15e with 15f). This peak direction is sub-parallel
to themean trend of fold axes, and it ismost likely related to the localised
fold-axis parallel outer-arc extension faults (see Fig. 6a).
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indicators. (c) Rose diagram showing frequency distribution azimuths (bin size 5°) of local SH axes: white, elongated volcanoes; yellow, vent alignments; red, elongated calderas.
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Panel a is adapted from Kholodov (2002b) and Allen et al. (2004). Data in panel b is from Bonini and Mazzarini (2010). Panels c–f are after Bonini and Mazzarini (2010).
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Some of the elements identified as stress indicators from the remote
sensing analysis have been successively ground-truthed and new ones
have been determined. Fieldwork andmapping has focused on the mor-
phology of minor extrusive features (i.e., alignments of gryphons and
salses) and tectonic structures (faults or fractures) that are difficult to de-
termine on satellite imagery. In general the surveyed elements have con-
firmed the results of the remote sensing analysis, and have provided new
evidence regarding the relations between stress, structural elements,
and mud volcanoes. More specifically, ground-truthing has documented
the presence of fold axis-parallel joints,whichwere previously suggested
to affect fold hinges and to control mud volcanism (Bonini and
Mazzarini, 2010; Roberts et al., 2011b). Fieldwork has substantiated
the occurrence of vent alignments trending sub-orthogonal to the anti-
clines over which they are situated, but also the possible coexistence
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with vent alignments trending sub-parallel to the same anticlinal axis
(Bonini andMazzarini, 2010; Roberts et al., 2011b). Few cases exemplify
these settings.

5.2.1. Dominant fold-orthogonal vent alignments plus ‘crestal’ calderas
(Ayran Tekan field)

The Ayran Tekan mud volcano field is situated over a main anticli-
nal ridge striking sub-parallel to the Greater Caucasus front (Fig. 15b).
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This anticline folds Early Pliocene (Productive Series) to Early Pleistocene
(Absheron) deposits and is composed of a zigzag pattern of ~NW–SE-
and ~N–S-trending segments (Alizadeh, 2008). The Ayran Tekan field
consists of various mud volcanic elements situated along the anticlinal
crest (Fig. 16a). Rows of gryphons and small vents define alignments
that trend mostly orthogonally to the local trend of fold axis (i.e., align-
ments labelled 1, 2 and 3 in Fig. 16b), but a fold-axis parallel alignment
(alignment 4) has also been identified in the same spot (Fig. 16b–d). A
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caldera is situated along the fold crest a few hundreds of metres to
the southeast of the vent alignments (Fig. 16a). The caldera extrudes
twomud breccia flows exceeding 1 km in length, and extends down-
wards to the foot of the anticline forelimb. This depression elongates
sub-parallel to the fold axis and shows rectilinear rims defined by
fold-parallel faults exposing scarps up to 5–6 m high measured along
the outer edge of the caldera (Fig. 16c). These findings apparently sup-
port the previous attribution of caldera evolution to outer-arc fault con-
trol (Bonini and Mazzarini, 2010).

5.2.2. Dominant fold-parallel vent alignments and outer-arc normal faults
(Akhtarma–Karadag field)

The occurrence of outer-arc normal faults has been documented in
many localities. For instance, the Akhtarma–Karadag mud volcano field
near Sahil (Caspian coast) is composed of some mud volcano features
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affecting the crest of an anticline that locally strikes ca. ENE and folds
Early Pliocene (Productive Series) to Early Pleistocene (Absheron) sedi-
ments (Alizadeh, 2008; Fig. 17a). Here, normal faults deform the fold
crest, andhave beenpreviously referred to as an ‘incipient sector collapse’
structure (Roberts et al., 2011a, b). The faults can be grouped into two
oppositely-dipping fault sets defining a sort of crestal graben that closely
follows the trend of the anticline axis (Fig. 17a, b). The normal faults dis-
play an apparent vertical separation of the ground up to ~2 m, and are
characterised by relatively fresh and steep scarps that suggest recent for-
mation (Fig. 17c). Such normal faults are similar to those displacing the
crest of growing anticlines (e.g., Morley, 2007), and are seemingly the
product of outer-arc extension and collapse of the fold crest.

The abundant mud volcanism is mainly related to decametre scale
vent populations that align not only in the same orientation as the
local anticline axis, but also along with the fold-parallel faults. Therefore,
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the outer-arc normal faults are most likely structurally controlling the
fold-parallel vent alignments (Fig. 17b, d). However, it is notable that
some vent alignments and elongated vents internal to the graben con-
form to the NNE-trending regional SH (Fig. 17b, d).

5.2.3. Fold-orthogonal alignments at mud volcano summit craters
(Shikhzairli volcano)

Gryphons and salses frequently form linear alignments sub-
orthogonal to the axes of anticlines. The Shikhzairli mud volcano,
which lies in the foothills of the Greater Caucasus, provides an exam-
ple in this direction. This volcano is a large edifice displaying a clear
elongation, with its long axis reaching approximately 1400 m in
length (Fig. 18b; Table A1). The Shikhzairli mud volcano is situated
over an antiform structure that folds sediments ranging in age from
Eocene to Late Pliocene (Alizadeh, 2008); notably, the long axis of
this volcano is sub-orthogonal to the axis of this antiform (Fig. 18a,
b, d). The summit of the volcano is a nearly-flat sub-circular area
(at ca. 640 m elevation) that is characterised by a gryphon field
with the peculiar presence (May 2010) of elements that intermit-
tently outburst and shriek manifesting the ongoing rapid ascent of
pressurised fluids and gases (Fig. 18c). The gryphons situated in
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line), the vent alignments measured on the crater (red dashing), and the fold axis tren
(photo viewpoints in c; 26th May 2010).
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the summit crater define a number of alignments sub-parallel to
the long-axis of the main volcanic edifice, implying that they strike
sub-orthogonal to the antiform axis (Fig. 18c–f). The gryphon align-
ments are likely to manifest the subsurface feeder fractures that
assisted the reiterated eruptions this volcano experienced during
the two last centuries (e.g., Aliyev et al., 2002).
6. Structural controls on mud volcanism in fold-and-thrust belts

Overpressure in sediments andmudvolcanismmaybe controlled by
a variety of tectonic elements and structural mechanisms acting over a
range of time scales, and at various length scales. In addition, mud vol-
canism may distribute over large portions of fold-and-thrust belts, or
remain localised at discrete large-scale structures. Secondary brittle
structural elements represent other features able to control the rising
of the mud-fluid mix at the core of anticlines, as seen in the Northern
Apennines and the Azerbaijan Greater Caucasus. These tectonic ele-
ments are closely linked to the stress field, and are also inferred to
exert some control on the paroxysmal events the mud volcano systems
may experience. These issues are discussed in separate sections below.
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6.1. Relations between mud volcanism and tectonic structures

6.1.1. Coincidence of mud volcanism with thrust anticlines
A conceptual 3D mechanical model showing the conditions that

favour the occurrence of mud volcanism at the crests of anticlines
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(Fig. 1d) is illustrated in Fig. 19 by reference to the Northern Apennines,
but the conceptsmay also hint at other cases. Themodel relates the fluid
pressure conditions, the rheological layering and the brittle infrastruc-
tures in the fold core (Fig. 19a). The alternation of low-permeability
and permeable layers in the Northern Apennines stratigraphy highlights
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the presence of different fluid pressure compartments, with the main
fluid reservoirs expected to develop in the core of the thrust folds be-
neath the main sealing layers (Fig. 19c).

The tops of subsurface shale intrusions coring thrust anticlines
(e.g., Duerto and McClay, 2002; Grando and McClay, 2007) may rep-
resent regions of localised overpressures (similar to the tops of any
hydraulically conductive fault) that could favour the formation of
leakage structures such as pipes and dykes (e.g., Mourgues et al.,
2011). Unloading of the anticline cores operated by erosion during
exhumation would progressively reduce the overburden load acting
on the fold hinge and increase the potential for the mud–water–gas
mix to travel up-through anticlinal cores.

The increase in rock permeability caused by the joints that normally
accompany the development of anticlines (e.g., Stearns, 1968; Hancock,
1985; Engelder et al., 1997; Fischer and Wilkerson, 2000) would also
significantly contribute to the localization of mud volcanism at folds.
The development of typical mud volcano alignments and mud ridges
along anticlinal crests is likely to take advantage of tensile failures on
the outer arc and upper parts of the fold anticline (e.g., Bonini, 2007;
Roberts et al., 2011a, 2011b). Stretching of the anticline outer-arc im-
plies a transition of σH and σh to values lower than the vertical
lithostatic stress σV, a mechanism that reduces the pore pressure re-
quired for fracturing (Fig. 19b). However, other fold-related joint
sets may focus the surface fluid flow, such as cross-fold (ac) joints
(e.g., Cooper, 1992), or other joints that are neither parallel nor per-
pendicular to the fold axis (Fischer and Wilkerson, 2000).

6.1.2. Spatial distribution of mud volcanoes in fold-and-thrust belts
The action of compressive stresses is common and determinant

for driving mud volcanism, yet this may show obvious and remark-
able differences in spatial distribution and products. The prolific
mud volcanism of Azerbaijan is strictly associated with hydrocarbon
maturation and the presence of the Maykop shales, which also pro-
vide a regional décollement that has spatially distributed the lines
of detachment folds. Mud volcanoes predominately occur along or
near the crests of these anticlines, and for this reason mud volcanism
is more or less evenly distributed over the Azerbaijan Greater Cauca-
sus (Fig. 15b). Mud volcanism in the Kerch–Taman peninsulas (Ap-
pendix A1, Supplementary data) presents characteristics essentially
equivalent to those of Azerbaijan. On the other hand, mud volcanoes
of the Northern Apennines are essentially restricted to a relatively
narrow belt running over the hangingwall of the Pede-Apennine
thrust (Fig. 7a).

Such a contrasting mud volcano distribution (cf. Fig. 7a and
Fig. 15b) may define two end-members possibly identified in other
fold-and-thrust belts and accretionary prisms. Basal décollements
of accretionary prisms distribute the internal deformation over wide
areas, and the general coincidence of mud volcanoes at thrust-related
folds yields these settings to represent a general case of distributed
mud volcanism. These characteristics are well-known thanks to the
‘classic’ Barbados (Henry et al., 1990; Deville et al., 2010) and Mediter-
ranean Ridge (Kopf et al., 2001), but these are common to other cases,
for instance sectors of the Gulf of Cadiz (Somoza et al., 2003; Van
Rensbergen et al., 2005). Similar structural patterns have been identi-
fied in the submerged and exposedMakran accretionary prism (Appen-
dix A2, Supplementary data). Conversely, mud volcanism localises over
the hangingwall of the Central Sakhalin fault and thus represents a case
of regional-scale discrete fault control (Appendix A3, Supplementary
data).

6.1.3. The Pede-Apennine thrust as an example of discrete structural
control

The plethora of geophysical and structural data from the Pede-
Apennine thrust (PAT) makes it particularly fruitful to understand the
processes governing a large-scale structural control on mud volcanism.
Interpreted seismic profiles have generally imaged the PAT as a steep
fault dipping SSW in the 50–60° range, and extending at least up to
~10 km depth (Pieri and Groppi, 1981; Pieri, 1983; Castellarin et al.,
1985; Bertello et al., 2008). Reshear along high-angle faults requires
highfluid pressure (Pf), whichmust exceed supralithostaticmagnitudes
(Pf>σV, or λv>1) whether the fault enters the severe misorientation
field defined by the frictional lockup angle θr=tan−1(1/μs) (Sibson,
1985). The PAT thus approaches the frictional lockup expected at
θr≈59° for reverse faults having friction coefficient μs=0.6 (Sibson
and Xie, 1998).

It is well established that in compressional settings fault loading can
occur by increasing the σ1 and/or increasing fluid pressure, but other
factors may favour or inhibit reshear along the PAT, namely the coeffi-
cient of friction of intact and anisotropic rock (μi and μs, respectively),
and the cohesive strength of intact and fault rock (ci and cs, respective-
ly). These concepts can be illustrated through a simplemechanical anal-
ysis of theMohr diagram considering a reactivation angle θr=50°. For a
cohesionless fault plane (cs=0), the critical conditions for reshear can
be defined when the half circle touches the Mohr envelop for intact
rock and contemporaneously it is in the proper position for reshear
(i.e., 2θr=100°). This situation is explicated by the half circle I for ci=
20 MPa (Fig. 20a). In this case, a coefficient of fluid pressure λv≈0.74
is estimated as an approximate lower limit (together with a maximum
differential stress of ≈280 MPa) for reshear. Higher fluid pressure fa-
vours the reactivation of the PAT, whereas for lower fluid pressure the
Mohr circles touches the fault failure curve before reaching the reshear
condition (see circle II), and new thrust faults ensue (Fig. 20a). For
weaker cohesion (ci=10 MPa), higher fluid pressure levels and lower
differential stresses are necessary for reactivation. Circle III indicates
the lower boundary conditions for reactivation (λv>~0.89 and σ1−
σ3b~125 MPa; Fig. 20b). The boundary conditions are also extremely
sensitive to the cohesion of the fault rock cs, as an increase of this pa-
rameter shifts the system toward very high fluid pressure regimes
(e.g. Sibson and Xie, 1998; Streit and Cox, 2001). For cs=5 MPa reshear
requires near lithostatic overpressure (λv→1) and very small differen-
tial stresses (ca. 40 MPa) (see circle IV in Fig. 20b). Higher cohesive
strengths require more extreme conditions with supralithostatic over-
pressures (λv>1).

Despite the intrinsic difficulty of determining all the various
interacting parameters, this analysis highlights the importance of
fluid overpressures in the fault reactivation process. In agreement
with these results, high fluid pressure factors (λv≈0.86) and differ-
ential stress of the order of 100 MPa have been estimated (at 10 km
depth) in the Pede-Apennine margin near Faenza (Calderoni et al.,
2009). Boncio and Bracone (2009) reached similar conclusions and
estimated fluid factors λv≥0.7 for fault dip angles ≥49°. The geom-
etry of the PAT thus exerts an obvious influence on the fluid pres-
sure regime and ultimately on mud volcanism. In particular, the
presence of a steep fault coupled with the occurrence of an imper-
meable barrier (i.e., the Ligurian Units) and active shortening favour
the entrapment of fluids at the highest overpressure (Sibson, 2004,
2007). On one hand, the achievement of strong overpressures repre-
sents a condition necessary for explaining the ongoing slippage
along the steep PAT (see Section 4.1). On the other hand, the over-
pressures are consistent with mud volcano occurrence providing in-
dependent evidence of fluid leakage from subsurface pressurised
reservoirs. Therefore, compressive tectonic loading and fluid over-
pressures may establish a positive feedback loop that is likely to be
important for the PAT movement and the transfer of deep fluids to
the surface.

Similar relations can be envisaged for the Central Sakhalin fault (see
Appendix A3, Supplementary data), which is an active reverse fault
(Bulgakov et al., 2002) characterised both by a steeply-dipping plane
and mud volcanism on its hangingwall. Transverse geological sections
image this as a 30°-to-45°-dipping reverse fault (Mel'nikov et al.,
2008), whichmay dip asmuch as 55° along themajor Tym–Poronay ac-
tive fault segment (Kozhurin, 2004).
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6.2. Brittle fluid pathways and the stress field

6.2.1. Surface fluid discharge along planar brittle structural elements
Vertical fluid migration from depth occurs up through steep,

sub-planar hydrofractures and mud dykes (Brown and Westbrook,
1988; Morley et al., 1998; Tingay et al., 2003) as well as along
sub-circular pipes (Roberts et al., 2010) whereby fluid conduit pres-
sure exceeds the tensile strength and σh of the rock (i.e., the fracture
gradient) and sub-vertical fracture networks may be generated
(Morley, 2003a; Fig. 19a). The common association of elevated
pore fluid pressure and elevated minimum horizontal stress σh

(pore pressure/stress coupling) plays a major role in rock failure
(e.g., Hillis, 2003; Tingay et al., 2009). Normally these relations are
applied to sedimentary and passive margin basins undergoing nor-
mal faulting regimes (i.e., σV=σ1; σH=σ2; σh=σ3) (Hillis, 2003;
Tingay et al., 2003; Cobbold and Rodrigues, 2007; Mourgues et al.,
2011; Fig. 21a).
The development of vertical hydrofractures during compressional
tectonic loading (i.e., σH=σ1; σh=σ2; σV=σ3) is more difficult to ex-
plain given the common understanding that mode 1 fracture planes
contain the σ1 and σ2 directions and open orthogonal to the σ3 direc-
tion. Classic theories predict this stress state to produce horizontal hy-
draulic fractures – unfavourably oriented for the vertical transport of
the fluid–mud mix – whether fluid pressure exceeds the lithostatic
load (e.g., Secor, 1965; Jaeger and Cook, 1969; Sibson, 2004). Besides,
the existence of basin scale σH/Pf coupling (σH increasing with fluid
pressure in a similar fashion to σh; Mandl and Harkness, 1987; Yassir
and Rogers, 1993) in thrust faulting would favour the development of
larger differential stresses and preclude the development of hydraulic
fracturing (Fig. 21b).

On the other hand, mud volcanoes are typical manifestations of
thrust settings and their existence raises the issue of which stress
state may produce the vertical dykes imaged in seismic sections or
observed as fossil examples in the field (e.g., Brown and Westbrook,
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1988; Morley, 2003b) when σ3 is predicted to be vertical. Therefore, if
our understanding that feeder systems are formed by sub-vertical
mode 1 hydrofractures is correct, this implies the existence of some
mechanisms redistributing and reorienting the local stress state in
the locus where these elements initiate at depth. The consideration
of a Mohr space suggests that the σh (σ2) should reduce to magni-
tudes lower than the σV (σ3) in order for new vertical tensile hydrau-
lic fractures to develop.

Along-depth stress changes have been documented in the active
Mirandola anticline of the buried Ferrara folds (Fig. 7a), and are also like-
ly to occur in other regions characterised by thrust faulting (Carminati
et al., 2010). In particular, the stress field reconstructed from breakouts
has revealed a transition from shallow normal faulting (b1.2–1.3 km
depth), to strike slip faulting at intermediate depths (3–4 km), to genu-
ine thrust faulting at deeper depths (Carminati et al., 2010). The estab-
lishment of local strike-slip states (i.e., σhbσV) implies that new σH‐

parallel vertical (feeder) hydrofractures may form at intermediate
depths in the cores of anticlines. This settingmay be conceptually similar
to the vertical feeder magma dykes forming orthogonally to the σ2 to
allow volcanism under a thrust faulting regime (Tibaldi, 2005).

We noted earlier that pre-existing favourably orientated fractures
may also represent preferential sites for intrusion. The fluid pressure
necessary for emplacing the mud–fluid mix into these sub-planar ele-
ments depends on the orientation of the exploitable plane with respect
to the stress field, and the fracture tensile strength. Assuming a general
case in which the folds strike sub-orthogonally to regional σH, the
fold-axis orthogonal planes (cross-fold ac joints, transverse faults, tear
faults, etc.) would be the most favourable for acting as fluid conduits
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Fig. 21. (a) Mohr diagram showing the role of fluid overpressures on the development of
vertical tensile fractures in a sedimentary basin with vertical principal maximum stress
(and uniaxial conditions). Vertical hydrofractures may initiate in case of high fluid over-
pressure distributed at basin scale (λbasin) coupled with a focused overpressured zone
(λloc) thatmay affect the pressure/stress coupling (afterMourgues et al., 2011). (b) Hypo-
thetical conditions favouring the development of (σH-parallel) vertical hydrofeatures in
thrust fault regimes. The σ/Pf coupling largely favours shear failure and inhibits the devel-
opment of hydraulic fractures. Vertical hydrofractures may however form whether local-
ised seepage forces develop and decrease the σh to values lower than the vertical stress.
(see Figs. 1d, 19a). In sectors of the Pede-Apennine–Po Plain region,
the σh may be less than (Carminati et al., 2010) or approximately
equal to the lithostatic stress acting at intermediate depths (Mariucci
and Müller, 2003); σV can thus be taken as an upper bound for the
fluid pressure necessary for dilating existing (ac) planes in the
σh direction (Fig. 19a). The ~35 MPa/km depth increase of the σ1

(Calderoni et al., 2009) suggests that supralithostatic values (λv≈1.4)
are instead needed to intrude fold-parallel (bc) fractures opening in the
σH direction. Relatively low overpressures are likely to be necessary if
the bc fractures are related to shallow outer-arc faults due to the estab-
lishment of an extensional state above the neutral surface (Fig. 19b).
The along-depth zonation of stresses in anticlines may thus represent a
condition favourable for surface fluid discharge. On one hand, outer-arc
faults may intercept shallow fluid reservoirs; on the other hand, the es-
tablishment of a strike-slip stress state may allow the formation of new
σH‐parallel vertical hydrofractures, or the exploitation of existing fabrics
(Fig. 19a, b).

Besides tangential longitudinal strain folding, other mechanisms
have been hypothesised to explain along-depth stress changes in active
anticlines of the study area, such as differential sediment compaction
and mechanical decoupling along faults (Carminati and Vadacca, 2010).
Under certain conditions, seepage forces generated bypressure gradients
due to fluid flow through a porous medium may also supposedly play a
role in the process. In general, seepage forces (Fs) can be viewed as the
drag applied by the fluid flow to the particles (Mourgues and Cobbold,
2003). Fs act in the flow direction and, according to Darcy's Law, may
generate lateral variations influid overpressure gradients thatmaymod-
ify the effective stresses (Mourgues and Cobbold, 2003; Rozhko et al.,
2007). In the event of vertical overpressure gradients, seepage forces
may act in opposition to gravity and generate apparent weight loss
in a rock column (Mourgues and Cobbold, 2003). Longitudinal or
transverse sub-horizontal Fs components may potentially arise in
sedimentary basins as a consequence of elevated lateral overpressure
gradients. The sub-horizontal Fs components may affect the σ/Pf cou-
pling and theoretically modify the values and orientations of effective
stresses (e.g., Mourgues et al., 2011. If the main Fs component acts
in the direction of the σh, it may locally decrease the σh and produce
local conditions with σhbσV that may eventually favour the creation
of vertical, σH‐parallel, hydrofractures (Fig. 21b). Seepage forces, if suit-
ably orientated and sufficiently large, could also supposedly produce a
local flip between σH and σh, and generate planar hydrofractures per-
pendicular to the regional σH. On this basis, elevated lateral overpres-
sure gradient variations would serve as nucleation sites where steep
feeder fluid dykes may initiate owing to transient stress inversions.
Stress permutations have also been reported for volcanic areas under-
going extension. In particular, intrusion of dykes along a vertical trend
can cause an increase of the least principal stress and ultimately a flip
of principal stresses (Parsons and Thompson, 1991). This process could
also operate in mud volcano systems, where the inflation of mud dykes
exploiting the weak tensile strength of pre-existing fabrics would pro-
duce stress magnitude variations. The latter may eventually promote
the permutation of the principal stress axes and the formation of variably
orientated faults and fractures.
6.2.2. Active tectonic stress and structural controls onmud volcano eruptions
Magmatic and mud eruptions are modulated by factors internal

and external to the volcano. Eruptive phases of magmatic volcanoes
typically occur when internal overpressure exceeds the critical value
at which the tensile deviatoric stresses are sufficient to allow a dyke
to form and magma to propagate up to the surface (Manga and
Brodsky, 2006). Probabilistic reasons suggest that only a little fraction
of eruptions will be triggered off by external events such as distant
earthquakes (Manga and Brodsky, 2006). Yet, some brittle elements
accompanying mud eruptions may form in response to stresses exter-
nal to the volcano system.
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The 1835 explosive eruption of theMontegibbiomud volcanowas ac-
companied by the development of ~NNE-trendingfissures approximately
parallel to the regional SH (see Fig. 10a, b and Section 4.3.2). No regional
earthquakes occurred in the days or weeks prior to the eruption,
suggesting that the eruption was mainly primed by internal fluid over-
pressures exceeding a critical level. Nevertheless, the supposed parallel-
ism of fractures with the regional active stress suggests some tectonic
control on the development of these structures.

A similar case may be inferred for the 11th August 2008 eruption
of the Santa Barbara mud volcano at Caltanissetta in Sicily, Italy
(Fig. 22a). This eruption was not preceded by significant earth-
quakes, and consisted of the violent eruption of mud that was
spewed several metres (ca. 30–40 m) up into the air. The area
around the main vent had developed numerous fractures and cracks
leaking methane and displacing the ground coevally with the paroxys-
mal event (INGV, 2008a; Regione Siciliana, 2008; Madonia et al., 2011;
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Fig. 22b). Some fractures showed directions radial to the mud volcano,
while themajor fractures (up to 1 km long) developed at somedistance
from the main venting area and trended ~NW to NNW. Methane emis-
sion defined flux peaks that occurred along a narrowNNW–SSE-oriented
zone (INGV, 2008b) striking sub-parallel to themajor fractures (Fig. 22b).
Both the high gas flux zone and the fractures are remarkably parallel to
the sub-horizontal NNW–SSE‐trending σ1 axis derived from stress inver-
sion of earthquake focal solutions of the region around Caltanissetta
(Sgroi et al., 2012), which is also parallel to the regional SH associated
with the Africa–Eurasia Plate convergence (e.g., Catalano et al., 2008).
On the basis of this striking parallelism, the preferred interpretation is
that this paroxysmal eventwas controlled by fractures (or dykes) forming
in a direction roughly parallel to the regional compression direction.

The Lokbatan mud volcano in Azerbaijan experienced several erup-
tions (Kadirov et al., 2005; Fig. 22c). These were often characterised by
the violent release of methane and its ignition occasionally produced
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sky-scraping flares, such as for the impressive 2001 eruptionwhose ini-
tial flame was around 100 m in diameter and approximately 400 m
high (Mukhtarov et al., 2003; Fig. 22d). The mud volcano edifice is af-
fected by a graben collapse structure striking sub-parallel to the anti-
cline axis over which the volcano is situated (Planke et al., 2003;
Roberts et al., 2011a; Fig. 22e). Displacement of graben faults and col-
lapse of the western volcano flank occurred during the 2001eruption,
a setting referred to as ‘mud volcano sector collapses’ by Roberts et al.
(2011a). This setting may also suggest that outer-arc extension has ac-
complished this process, and that the graben axis indicates a shallow SH
trending at a high angle to the regional SH (Fig. 22e). The outer-arc faults
would thus represent shallow structural controls on the eruption of the
deep-sourced gas.

In conclusion, although the paroxysmal events outlined above
were essentially dictated by internal dynamics, the present-day
stresses (regional or local) are expected to have exerted some control
on the development of the brittle elements through which the sub-
surface pressurised material was transported upward during the
eruptions.
7. Concluding remarks

Understanding the development of structural channelways and the
mechanisms through which subsurface fluids and ‘greenhouse’ gases
(i.e., methane) are released in the atmosphere involves implications
that may be of paramount importance for the environmental equilibri-
um on Earth. In the same way, determining whether magmatic and
mud volcanoes share some dynamic similarities is of importance be-
yond satisfying the ‘frivolous’ search for connections between such dif-
ferent, yet analogous geological phenomena. Thereof, the structural
controls on subsurface fluid expulsion in fold-and-thrust belts and the
potential use of mud volcanoes as stress indicators have represented
the twomain targets of this study. These aspects have been investigated
at the Pede-Apenninemargin of the Northern Apennines, and in world-
wide areas of mud volcanism, such as the Azerbaijan Greater Caucasus
and other fold-and-thrust belts. The analysis of geological–geophysical
data suggests that the discharge of subsurface fluids typically focuses
at various typologies of steep brittle structures often associatedwith an-
ticlines. Vertical zonation of stresses in the cores of folds may represent
a pivotal control on the development of feeder fracture sets and ulti-
mately mud emplacement. Stress indicators from mud volcanoes yield
promising results, generally showing consistent orientation with re-
spect to the stress field in the upper crust known from classic methods
(i.e., earthquake focal mechanism solutions andwell bore breakouts). It
is therefore proposed that mud volcanoes may provide an independent
means and an additional tool for assessing stress directions in the shal-
low crust, and these data can be profitably employed (1) where other
data is unavailable, (2) for inaccessible settings (i.e., underwater or
the surface of planets), or (3) simply as supplementary datum to imple-
ment existing stress datasets.
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