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Earthquakes can trigger the eruption of mud. We use eruptions in Azerbaijan, Italy, Romania, Japan, Andaman
Islands, Pakistan, Taiwan, Indonesia, and California to probe the nature of stress changes that induce new
eruptions and modulate ongoing eruptions. Dynamic stresses produced by earthquakes are usually inferred to
be the dominant triggering mechanism; however static stress changes acting on the feeder systems of mud
volcanoes may also play a role. In Azerbaijan, eruptions within 2-10 fault lengths from the epicenter are favored
in the year following earthquakes where the static stress changes cause compression of the mud source and
unclamp feeder dikes. In Romania, Taiwan, and some Italian sites, increased activity is also favored where the
static stress changes act to unclamp feeder dikes, but responses occur within days. The eruption in the Andaman
Islands, and those of the Niikappu mud volcanoes, Japan are better correlated with amplitude of dynamic stresses
produced by seismic waves. Similarly, a new island that emerged off the coast of Pakistan in 2013 was likely
triggered by dynamic stresses, enhanced by directivity. At the southern end of the Salton Sea, California
earthquakes increase the gas flux at small mud volcanoes. Responses are best correlated with dynamic stresses.
The comparison of responses in these nine settings indicates that dynamic stresses are most often correlated with
triggering, although permanent stress changes as small as, and possibly smaller than, 0.1 bar may be sufficient to
also influence eruptions. Unclamping stresses with magnitude similar to Earth tides (0.01 bar) persist over time
and may play a role in triggering delayed responses. Unclamping stresses may be important contributors to
short-term triggering only if they exceed 0.1-1 bar.
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internal structure (e.g., Stewart and Davies, 2006), (ii) a similar eruptive
history (e.g., Evans et al., 2008; Kopf, 2008), (iii) buoyancy is often
supplied by exsolved gases (Manga et al., 2009), and (iv) eruptions
triggered by earthquakes have similar sensitivities to ground deforma-
tion (Wang and Manga, 2010). This suggests that, apart from obvious
differences (i.e., the role of temperature and crystallization), some

1. Introduction and aims of the work
1.1. Mud volcanoes: characteristics, processes and hazards

The mobilization of deeply buried sediments and the extrusion of
mud-breccias, saline water, and gases is a process known as mud or

sedimentary volcanism. This process is driven by the presence of
overpressured gases in the subsurface (Brown, 1990; Kioka et al.,
2015), and is often linked to hydrocarbon traps at depth (Higgins and
Saunders, 1974). Methane typically comprises the dominant fraction
of released gases, though occasionally other gases (e.g., CO, and N,)
may prevail (Kopf, 2002). Eruption creates various forms of mud
volcanoes, the most distinctive of which are the steep-sided extrusive
conical edifices typically topped by a crater that extrudes mud flows,
and bursting bubbles at the vent generate spatter (Fig. 1a-c), features
that mimic in many ways the morphology of magmatic volcanoes
(Fig. 1d, e). In addition, mud volcanoes share several other processes
and properties with their igneous analogs, including (i) comparable
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similar processes govern both igneous and mud volcanoes.

The dimension of the extrusive edifices is highly variable, ranging in
size from the decimeter- to meter-scale (gryphons and mud cones) to
large volcanoes up to a few hundred meters high and several kilometers
across (Fig. 1a-d). Mud volcanoes are quiescent for most of their
lifetimes, with occasional rhythmic, sometime vigorous, seepage of
water, gas, and hydrocarbons, including the expulsion of gas bubbles
from muddy waters (Fig. 1c). The analysis of gas geochemistry suggests
that the plumbing system of dormant mud volcanoes is continuously
recharged from deep-seated reservoirs through a system of branched
conduits (Mazzini et al., 2009; Tassi et al., 2012). However, mud volca-
noes may experience episodic paroxysmal eruptive phases that involve
the violent ejection of mud breccias and mud flows from a summit cra-
ter. The eruption rates and temperatures are significantly lower than
those of magmatic volcanoes, and thus the hazard mud volcanoes
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Fig. 1. Characteristics of mud volcano features from Azerbaijan. (a) Large gas bubble popping in a crater at the top of a gryphon at Ayran Tekan mud volcano; hammer (circled) for scale
(N39.99389 E49.30889; photo 23 May 2010). (b) Gryphon emitting a fresh mud flow in the Kichik-Maraza mud volcano field (N40.51028 E49.03194; photo 22 June 2013). (c) Alignment
of mud cones and gryphons at Gotur (extracted from Google Earth®, http://earth.google.it/download-earth.html). (d) Lateral view of the large Kjanizadag mud volcano edifice (N40.14083
E49.38222; photo 21 June 2013). (e) Small caldera topping the gentle-sided Kichik Bahar mud volcano (N39.99805 E49.45527; photo 25 May 2010). (f) Flaming eruption at the Lokbatan
mud volcano on 25 October 2001; photo by Phil Hardy—from BBC NEWS 29th October 2001, Clare Doyle in Baku. According to Mukhtarov et al. (2003), this violent explosive eruption was
characterized by an initial flame approximately 300 m tall and 100 m across. (g) Lateral view of the summit crater of Lokbatan (N40.30444 E49.70916; photo 27 June 2014); person

(circled) for scale.

pose is primarily local (e.g., Etiope, 2015). There are however remark-
able exceptions. During violent eruptions, subaerial mud volcanoes
can discharge up to 500 million m> of flammable methane in a few
hours (Kopf, 2002). Self-ignition can produce large explosive flaming
eruptions leading to loss of life at some Azerbaijan mud volcanoes
(Guliyev and Feyzullayev, 1997) (Fig. 1f, g).

1.2. Mud volcano eruptions and earthquakes
We can probe processes that govern the initiation of eruptions by

studying the response of mud volcanoes to known external forcing
such as stresses produced by earthquakes. Eruptions within hours to

days of an earthquake are generally assumed to be the most convincing
examples of triggered eruptions (Manga and Brodsky, 2006), as delayed
triggering is more difficult to assess (Selva et al., 2004). The number of
documented magmatic eruptions triggered by earthquakes is small
(Linde and Sacks, 1998; Watt et al., 2009), though there is growing
evidence that there may be widespread and even global increases in
volcanic activity following large earthquakes (e.g., Madonia et al.,
2013; Delle Donne et al., 2010; Eggert and Walter, 2009; Tsunogai
et al., 2012; Kusumoto et al., 2015; Lupi et al., 2016).

The first step in understanding why earthquakes influence eruptions
is to identify the responsible stress. The static stresses created by fault
slip decay with distance R from the epicenter as 1/R>, and become
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negligible within a few fault lengths from epicenter. Static stress
changes are permanent, and have the ability to create stress shadows
that may retard earthquakes on nearby faults and shut down after-
shocks (Harris and Simpson, 1996; Stein, 1999; Toda et al., 2012). Static
stress changes may initiate eruptions by expanding (e.g., Barrientos,
1994; La Femina et al., 2004; Diez et al., 2005; Walter and Amelung,
2007; Fujita et al., 2013) or compressing (e.g., Feuillet et al., 2011)
magma reservoirs, or unclamping magma ascent paths (Nostro et al.,
1998; Bursik et al., 2003; Walter, 2007; Bonali, 2013; Bonali et al.,
2013). The dynamic stress changes produced by passing seismic
waves are larger than static stress changes, decaying as 1/R'°, and
thus may influence the subsurface to distances of many fault lengths
from the epicenter (Kilb et al., 2000). Unlike static stress changes, the
passage of seismic waves should not produce permanent changes in
stress unless they alter the mechanical or transport properties of the
crust. Dynamic stresses may influence eruptions by changing perme-
ability (Walter et al., 2009; Manga et al., 2012), nucleating or mobilizing
bubbles (Cannata et al., 2010; Crews and Cooper, 2014), or mobilizing
magma (Hill et al., 2002; Sumita and Manga, 2008). It is generally
concluded that near-field triggering of eruptions, within a couple fault
lengths of the epicenter, results from some combination of static and
dynamic stress changes, while dynamic stress changes appear more
appropriate to explain far-field triggering (e.g., Hill et al., 2002; Steacy
et al., 2005; Manga and Brodsky, 2006; Walter et al., 2007). The role of
static stress changes may perhaps be more straightforward to assess
over long time scales, well after the passage of seismic waves.

Studies of seismic sequences indicate that aftershocks can be
promoted or suppressed by stress changes of just £ 0.1 bar (10 kPa),
with delays in the response that may vary from seconds to decades
(e.g., Reasenberg and Simpson, 1992; King et al., 1994; Stein, 1999). In
volcanic systems, the critical threshold of stress change for influencing
eruptions is not well defined. Some studies suggest that eruptions
may be potentially triggered by static stress changes as small as
0.1-1 bar (Bautista et al., 1996; Nostro et al., 1998). A similar limit has
also been suggested for the internal pressure fluctuations caused by dy-
namic changes (e.g., Walter et al., 2007). In some cases even very small
stresses resulting from solid Earth tides (~0.01 bar) appear to influence
these systems (e.g., Tanaka et al., 2004; Rubinstein et al., 2008; Gallego
et al., 2013). As with mud volcanoes there are no well-defined thresh-
olds of stress change for the triggering of eruptions, though both mud
and igneous volcanoes earthquake-triggered eruptions show similar
sensitivities to ground deformation (Wang and Manga, 2010).

In some areas, mud volcanoes display an exceptional density, and may
provide closely-spaced stress receptors. We therefore analyze these mud
volcanoes to decipher the time-space reaction of these systems to static
and dynamic stress changes, particularly the effect on (i) delayed and
(ii) immediate responses of mud volcanoes, as well as (iii) in modulating
ongoing eruptions. In particular, we consider 9 settings where some com-
bination of a large number of earthquakes and mud volcanoes permit
such analyses. We undertake the present compilation of observations,
and analysis because the number of examples of triggered eruptions is
more than double that in the most recent review (Manga et al., 2009)
and, more importantly, over the past few years a better understanding
of eruption processes and structural controls allows us to perform a
more quantitative analysis of the geological record.

2. Structural controls on plumbing systems of mud volcanoes

Mud volcanoes have been usually considered the surface expression
of intrusive shale diapirs, which are subsurface overpressured muddy
masses driven upward by buoyancy forces resulting from the density
contrast with the denser overburden (Brown, 1990; Morley and
Guerin, 1996; Kopf, 2002). Other models suggest that mud volcanoes
are fed from deep overpressured fluid-rich source layers, and the ascent
of mud-water-gas mixtures occur through a complex network of con-
duits, pipes and fault-controlled planar pathways that may connect

variably-sized fluid reservoirs of undercompacted mud, which likely
consist of dense networks of mud-filled fractures intruding the country
rock (e.g., Cooper, 2001; Kopf, 2002; Kopf et al., 2003; Morley, 2003;
Stewart and Davies, 2006; Davies et al., 2007, 2013; Bonini, 2008;
Roberts et al., 2010). Beneath mud volcanoes, extensive fluid flow can
extend vertically for >1 km (e.g., Sobissevitch et al., 2008; Davies
et al., 2013; Kioka et al., 2015).

Field observations of exposed fossil feeder systems and seismic
data indicate that vertical migration of deep fluids may occur along sub-
circular pipes and conduits (Roberts et al., 2010), and through long and
narrow steep mud-filled planar fractures similar to dikes (Morley et al.,
1998; Morley, 2003; Tingay et al., 2003; Cooper, 2001; Stewart and
Davies, 2006). The steep mud-filled intrusions have been interpreted as
hydraulic fractures (e.g., Morley et al.,, 1998; Morley, 2003) and hence as
potential pathways for the transfer of subsurface material and fluids to
the surface (Davies et al., 2007, 2013). We use herein the term ‘feeder
dike’ to indicate subsurface zones containing planar structures, including
sets of fractures, faults and hydraulic fractures that provide the pathways
for the ascent of mud. The common presence of aligned vents and elon-
gated mud volcano edifices is consistent with eruption along steep sub-
planar surfaces that act as feeder dikes (Bonini, 2012) (Fig. 1c).

In general, the orientation of subsurface dikes can be inferred from
the geometrical characteristics of the mud volcano edifices. In particu-
lar, the long axis of large, elongated mud volcanoes and the direction
of aligned vents approximate the orientation of the underlying feeder
dike. This relationship was established for magmatic volcanoes
(Nakamura, 1977), and has been later proposed for mud volcano
systems (Bonini, 2012). The identification of feeder dikes beneath elon-
gated mud calderas is more complex because these may trend parallel
to either the long or the short caldera axis (for details see Bonini, 2012).

Nostro et al. (1998) proposed that static stress changes caused by
earthquakes promoted eruptions at Vesuvius (southern Italy) by
compressing a sub-spherical magma chamber at depth, and opening
suitably-oriented dikes at more shallow depths. We thus evaluate
whether similar conditions also characterized mud volcanoes, whose
plumbing systems have some similarities to magmatic volcanoes (see
discussion in Stewart and Davies, 2006 and Evans et al., 2008).

3. Methods

We compute static stress changes caused by an earthquake on
potential feeder dikes at each mud volcano system. We calculate the
normal stress change (Ao,), positive if the fault is unclamped, and
shear stress change (AT), positive in the direction of fault slip. To deter-
mine whether the static stress changes promote slip, we also calculate
the Coulomb Failure Function (e.g., Reasenberg and Simpson, 1992;
Stein et al., 1992; Harris, 1998; Stein, 1999; King et al., 1994; Cocco
and Rice, 2002; Kilb et al., 2002; King, 2014), ACFF,

ACFF = AT + W(AGy, + AP), (1)

where AT is the shear stress change on the fault (positive in the direc-
tion of fault slip), Aoy, is the normal stress change (positive if the fault
is unclamped), p is the friction coefficient, and AP is the change in
pore pressure within the fault. The change in Coulomb failure stress is
normally rewritten as:

ACFF = AT + W Aoy, (2)

where ' is the apparent coefficient of friction that includes the contri-
bution of the fluid pressure change and the material properties of the
fault zone. In particular, the friction and Skempton coefficient can influ-
ence the computation of stress changes, but not in a substantial way
providing that these vary within a realistic interval (Cocco and Rice,
2002; Chan and Stein, 2009). Stresses are computed in a homogeneous
elastic half-space (Okada, 1992). The assumption of an elastic medium
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is an approximation to the real Earth that is usually invoked when
studying the response of magmatic volcanoes to earthquakes
(e.g., Bautista et al., 1996; Nostro et al., 1998; Walter, 2007), and we
extend this assumption to the study of mud volcanoes based on the
concept that mud and magmatic volcano systems share some causal
mechanisms and properties, and are governed by similar processes
(see Section 1.1). We adopt uniform values for elastic moduli (based
on King et al., 1994; Freed and Lin., 2001; Lin and Stein, 2004; Toda
et al., 2005, 2011; Lin et al., 2011): Poisson's ratio v = 0.25, Young's
modulus E = 8 x 10° bar (80 GPa), implying shear modulus, G =
3.2 x 10° bar (32 GPa). For simplicity we have assumed the same Young's
modulus and Poisson's ratio for all the considered study cases; lower or
higher values of Young's modulus would reduce or increase the magni-
tude of the stress changes, respectively. Natural systems are likely charac-
terized by heterogeneities and zones of weakness. However, we lack
detailed information about subsurface structure and material properties,
and assume homogenous elastic properties. We assumed an apparent co-
efficient of friction, |\ = 0.4, which is the average of the 0.0-0.8 range of
possible values (King et al., 1994). The shear and normal stresses pro-
duced by a ‘source’ earthquake can be resolved onto specific ‘receiver’
faults or dikes. The receiver faults are defined by their strike, dip, and
rake, but rake does not influence the normal stress change.

The calculations of normal stress changes on feeder dikes (Aoy;
either clamping or unclamping) were carried out using Coulomb 3.3
(http://www.coulombstress.org; Toda et al., 2011). We used published
source fault models or we determined the source earthquake fault
using the empirical fault geometry from Wells and Coppersmith
(1994) and used the reported hypocenter as the fault center.

Although the models are based on available geologic and geophysi-
cal data, a number of assumptions and simplifications are necessarily
introduced. Our results may be affected by uncertainties in hypocentral
and epicentral location, as well as by the geometry of the causative fault
(i.e., rake, dip or strike). For this reason, when possible we have consid-
ered a range of focal mechanisms in the computations. Another crucial
feature of the calculation is the orientation of potential feeder dikes.
We have deliberately assumed the feeder dikes to be vertical (dike top
assumed at 0.01 km depth) because we lack information to constrain
their subsurface geometry. Given these uncertainties, we have usually
calculated normal stress changes at a depth of 1 km, which represents
a minimum estimate of vertical fluid transmission that in mud
volcanoes can extend vertically for > 1 km (e.g., Davies et al., 2013).
Sensitivity tests show that the magnitude of normal stress changes
acting on the feeder dike is virtually insensitive to L', while there is
some sensitivity to its dip. This implies that a better knowledge of the
mud volcano plumbing system would allow a more accurate estimation
of the stress changes.

In the following sections we examine a number of worldwide mud
volcanoes that reacted to earthquakes. The mud volcanoes are represen-
tative of different settings and regions, and have been selected on the
basis of their immediate or delayed response, their behavior during
different earthquakes distributed over short and long time spans, or
other peculiarities related to the structural setting of the mud volcano.
We begin by summarizing the responses of mud volcanoes in each set-
ting and the relationship between the responses and the stress changes
produced by the earthquakes. We then use these observations to assess,
to the extent possible given a finite number of observations, the controls
on short-term and long-term triggering, and the relative roles of static
and dynamic stresses.

4. Short-term response of mud volcano systems to earthquakes

4.1. Mud volcano response to the intermediate depth 1977 Vrancea
earthquake (Romania)

Mud volcano systems occur along the compressive external margin
of the arcuate Carpathian fold-and-thrust belt (Baciu et al., 2007)

(Fig. 2a). The southeastern part of the Carpathian arc (Vrancea region)
is characterized by very clustered, persistent and strong intermediate-
depth seismic activity (mostly in the ~70-170 km depth range) with
large moment release (Mw = 6.9 to 7.7) (Oncescu and Bonjer, 1997).
This seismicity may be generated by contact between the subducting
subvertical Vrancea mantle slab and the detached mantle of the upper
plate, and partly from failure internal to the downgoing lower plate
(Vrancea mantle slab) due to its vertical stretching (Cloetingh et al.,
2004). This region also hosts the most impressive mud volcanoes of
Romania, which are located approximately along the axis of the
~20 km-long Berca-Arbanasi hydrocarbon-bearing anticline (Baciu
et al.,, 2007) (Fig. 2b). Paclele Mari and Paclele Mici are the largest
mud volcanoes. There, active seepage occurs above truncated cone-
shaped, kilometer-scale hills, which are elongated in a ~N-NNE
direction and presumably represent larger mud volcano edifices. In
both mud volcano fields, the zone of active seepage occurs within an
elliptical region that is elongated in the same direction as the main
volcanic edifice. Gryphons and <10 m-tall mud cones define ~NO8°E-
trending alignments (Fig. 2c) subparallel to the long axis of both the
main edifice and elliptical seepage area, a setting that may be structur-
ally controlled by fractures and faults parallel to the fold axis (e.g., Fig. 6a
in Bonini, 2012).

The Mw?7.4 Vrancea earthquake hit this region on 04 March 1977.
The focal mechanism reveals that the earthquake was a thrust event
with focal depth of around 90 km (e.g., Oncescu and Bonjer, 1997)
(Fig. 2a). This earthquake produced new vents and extinguished others
due to the reactivation of the main longitudinal faults, and triggered an
eruption lasting for 6 h at the Beciu mud volcano (Baciu and Etiope,
2005). The mud volcanoes lie in the near-field as they are located
approximately half of one fault length away from the epicenter
(Table S1). We used both the CMT solution and the source model of
Ganas et al. (2010) to compute the Coulomb stress changes produced
by the 1977 Vrancea earthquake (Table S1). Both source models give
comparable results in that both predict volumetric expansion and
unclamping normal stress changes (in the range ~0.2-0.8 bar) on verti-
cal NO8°E-trending receiver dikes, representative of the trend of vent
alignments in the area (Fig. 2d, e and Table S1). The computed normal
stress change exceeds the conventional triggering threshold, and thus
the short-term response of these mud volcanoes to the Vrangea earth-
quake may thus have resulted from some combination of dynamic
stresses and normal stress changes unclamping the feeder dike.

4.2. The 2004 Great Sumatra earthquake and the mud volcano eruption at
Baratang (Andaman-Nicobar Islands)

A number of mud volcanoes occur on Baratang Island, in the
Andaman-Nicobar Islands (Chaudhuri et al., 2012). One of them
erupted, throwing mud above the height of neighboring trees, only
several minutes after the Sumatra-Andaman (Mw = 9.1; USGS report;
http://earthquake.usgs.gov) main shock of 26 December 2004 (Mellors
et al.,, 2007, and references therein) (Fig. 3a). Owing to the timing, this
earthquake-eruption pair is considered a reliable instance of short-
term seismic triggering (Mellors et al., 2007). The same mud volcano
experienced eruptions in 2003 and 1983. The eruption of 18 February
2003 formed a mud mound about 30 m in diameter and 2 m tall at its
center. Two N20°E-oriented parallel fractures formed across the edifice;
the larger was 15 m long, 30 cm wide, with fluid oozing from its center
(Geological Survey of India, 2003). The trend of the open fractures was
sub-parallel to the ca. N25°E elongation of the main extrusive edifice,
which may represent the orientation of a subsurface feeder dike.

We assume a 450-patch finite-source rupture model (downloaded
at http://www.seismo.ethz.ch/static/srcmod/Homepage.html; Ammon
et al.,, 2005), with Mw = 9, fault strike = 320°E, dip = 15°, length =
450 km, width = 180 km, and rake = 91.7, and we calculate the normal
stress changes on a vertical feeder dike with a strike of N25°E. Despite
being more than 1000 km away from the epicenter, the Mw = 9
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Bonjer (1997). (b) Oblique view of the ~20 km-long Berca-Arbanasi fold anticline, which exposes four mud volcano fields along its axis (from North to South), Beciu, Paclele Mici, Paclele
Mari and Fierbatori. (c) Satellite image showing the aligned vents within the area of active seepage atop the Paclele Mari mud volcano edifice. (b) and (c) are extracted from Google Earth®,
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mud volcanoes are indicated. Stresses are computed on NO8°E orientated vertical receiver dikes (black bar); the example reports the result obtained from the source model proposed
by Oncescu and Bonjer (1997) and Ganas et al. (2010) (Table S1). The model also considers a 50-patch source. (e) Cross section of normal stress changes. The blue dashed line
indicates the horizontal section (1 km depth) of stress change distribution shown in panel (d). (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

earthquake was able to produce unclamping stresses on a receiver
dike striking N25°E and subtle volumetric expansion (Fig. 3c;
Table S2). The Great Sumatra earthquake also triggered numerous
seismic events with M > 5 within a radius of 50 km from the mud
volcano (USGS report; http://earthquake.usgs.gov; Fig. 3b). The
timing of the eruption is however somewhat uncertain (it is reported

to have occurred several minutes after the earthquake; Mellors et al.,
2007), and thus triggering by local aftershocks cannot be ruled out.
The computed normal stress changes are less than the magnitude
of tidal stresses, and thus the contribution of unclamping stresses
in the short-term triggering is likely to be insignificant in compari-
son to the effect of dynamic stresses.
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4.3. When faults controlling mud volcano systems rupture: The Chihshang
Fault and the short-term mud volcano response to the 2003 Chengkung
earthquake (Taiwan)

Numerous mud volcanoes occur in Taiwan, an exposed arc-conti-
nent collision belt developed at the boundary between the Philippine
Sea Plate and the Eurasian Plate (e.g., You et al., 2004) (Fig. 4). The
NNE-trending Longitudinal Valley, in proximity of the eastern coast of
Taiwan, marks the suture zone between the two plates. There, a regional
~E-dipping high-angle active thrust, referred to as Longitudinal Valley
Fault (LVF), superposes with dominant thrust kinematics and minor
component of left-lateral slip the remnants of a westward-facing Neo-
gene island arc (i.e., the Coastal Range) over the Central Range
(e.g., Tsai, 1986; Angelier et al., 2000; Ching et al., 2007) (Fig. 4a). The
E-dipping Chihshang Fault is the main LVF segment in the South. The
Chihshang Fault has a listric geometry and ruptured on 10 December
2003 producing the Mw6.8 Chengkung earthquake (e.g., Kuochen
et al., 2007; Mozziconacci et al., 2009) (Fig. 4b).

Mud volcanoes occur both on the hanging wall and around the surface
trace of the Chihshang Fault (Sung et al., 2010; Jiang et al., 2011) (Fig. 4a,
b), and lie in the near-field of the Chengkung earthquake, the epicentral

distance of mud volcanoes being invariably less than one fault length.
The mud volcanoes are thus intimately associated with the Chihshang
Fault, whose deformation zone is expected to control their deep plumbing
systems (i.e., fluid pathways and reservoirs). It was reported that the
Chenkung earthquake influenced the activity of two of these mud volca-
noes, the Luoshan and Leikunghuo mud volcanoes (Jiang et al., 2011)
(Fig. 4a). Local witnesses report that the Luoshan mud volcano erupted
with strong noise nearly synchronously with the main shock, spewing
mud, gas and water and formed a large mud basin. No inhabitants could
observe the coseismic behavior of the Leikunghuo mud volcano to the
south, but later inspection documented that the seismic event produced
two sets of fresh faults or fractures (oriented N16°E and N85°E) crosscut-
ting the volcano edifice and oozing muddy waters (Jiang et al., 2011).
Different focal mechanisms and source models have been published,
which imply different fault geometry (USGS; Centroid Moment Tensor
solutions catalog; Wu et al., 2006; Kuochen et al., 2007; Mozziconacci
etal,, 2009). We computed the normal stress changes for the different so-
lutions, on vertical feeder dikes with strike of N16°E and N85°E, which is
the mean trend of fractures observed at the Leikunghuo mud volcano
(Table S3). Given the proximity of the mud volcanoes to the epicenter,
the calculated normal stress changes are relatively large, with values
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that often fall in the range 1-3 bar (Table S3). In a few cases the stress
changes may be unrealistically high, because of stress concentration at
the edges of the rupture, e.g., the USGS solution (Table S3).

In general, the computed normal stress changes are highly sensitive
to the different source models (see Table S3). For instance the Kuochen
et al. (2007) source fault strikes oblique to the N20°E-trending
Chihshang Fault, and this implies that the feeder dikes at Leikunghuo
and Luoshan mud volcanoes would have been unclamped and clamped,
respectively, by the Chenkung earthquake (Table S3). Other joint inver-
sions of geodetic and seismological data yield causative earthquake
faults oriented sub-parallel to the Chihshang Fault (Wu et al., 2006;
Mozziconacci et al., 2009) (cf. Fig. 4a and Table S3). In particular, the
source models of Wu et al. (2006) and Mozziconacci et al. (2009) give
equivalent results in that both models predict volumetric expansion
and relatively large unclamping stresses at both Luoshan and Leikunghuo
mud volcanoes (Fig. 4c, d; Table S3). If we base our considerations on

these source models, the computed normal stress changes generally
tend to unclamp the feeder dikes (apart from the Luoshan mud volcano
in the model by Kuochen et al., 2007), and the unclamping stress changes
generally exceed 1 bar. Unclamping of the feeder dike may have thus
contributed to the short-term response of these mud volcanoes, which
lie in the near-field of a causative earthquake fault that is also structurally
controlling the mud volcanoes.

4.4, Birth of an island (Makran accretionary wedge) shortly after the 2013
Balochistan earthquake (Pakistan)

A number of mud volcanoes are exposed in the Makran accretionary
wedge, and also in the submerged part of the wedge (Snead, 1964;
Delisle et al., 2002; Schliiter et al., 2002) (Fig. 5a). In coastal Makran,
trains of E-W trending, south-verging thrust-related folds and thrusts
affect the Miocene to Pleistocene sediments, and the mud volcanoes



M. Bonini et al. / Tectonophysics 672-673 (2016) 190-211 197

T T
64°E 66°E

60°E 62°E ,5 o
R >
o SR
Iranshahr I ran g “o;_
-t
[N
w77 %
24/09/2013 A\ VNS

Pakistan

d Ormara- g

Se

//Q

hand

Malan island ,z\

Bela&
'® Haro

Range

28}

27}

26|

Latitude (degree)

25}

® 4.2
Acc b - New island ’
RET'ONARY WEDGE Karachi
@ Mud volcano field ]
® Newisland ?Iglt?awe o \(/aellpciities
] _-.-y--" anticline motion g and 95%
Oman o0k Ara bian Sea| ___ .- syndne (cmiyr) 3 gﬁir;flscéence
. — thrustfault g
29 :

Extrusive edifice
and active vents

Elongated
mound

Mud caldera rim

Latitude (degree)

~~._ Elongated
mud volcano

Inferred trend
4 of subsurface
~ feeder dike

62 63

64

65

67

66

Longitude (degree)

Fig. 5. (a) Tectonic sketch map of the Makran accretionary wedge of south-eastern Iran and southern Pakistan (compiled from Snead, 1964; Kukowski et al., 2001; Schliiter et al., 2002;
Burg et al,, 2008). The black arrows show GPS horizontal velocities in a Eurasia-fixed reference frame (after Nilforoushan et al., 2003). The blue arrows indicate relative plate motion and
convergence velocities (DeMets et al., 1990; Kukowski et al., 2001). Focal mechanism solution of 24 September 2013 earthquake from USGS (http://earthquake.usgs.gov). (b) Satellite
image (26 September 2013) of the new island offshore Gwadar. Satellite images (extracted from Google Earth®) showing the (c) elongated Tang mud volcano, and (d) vent alignments
and an elongated volcano in the Ormara field. (e, f) Normal stress changes (Ao,; bar, unclamping positive) produced by the Mw?7.7 Balochistan earthquake of 24 September 2013. Stress
changes are computed for different orientations of possible vertical receiver dikes (black bar) that are inferred to have controlled the mud volcano system that spawned the new island
(red circle) that appeared offshore Gwadar shortly after the earthquake (see Table S4). The fault model considers a 7-patch source (after Avouac et al., 2014), as well as a uniform rake = 6.

Stress is sampled at 1 km depth. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

almost invariably occur over the crest of these anticlines (e.g., Snead,
1964; Delisle et al., 2002; Burg et al., 2008).

A Mw?7.7 earthquake struck the Balochistan province in south-
central Pakistan on September 24, 2013. The earthquake occurred at
shallow depth (15 km), and resulted from left-lateral oblique-strike-
slip movements along the southern part of the active Chaman Fault
(USGS report; http://earthquake.usgs.gov; Fig. 5a). A few hours after
the earthquake a new small island about 200 m across and 20 m high

emerged off the Gwadar coast, 383 km from the epicenter (Fig. 5b).
Reports show that the island had a blocky surface containing seafloor
species and fish, and mud breccias and methane were emitted at the
center and apex of the island in the days after its appearance. Emer-
gence of mud volcanoes on the shallow shelf is common and may also
occur after earthquakes (Kassi et al., 2013). Three mud islands emerged
in the Arabian Sea off the coast of Makran after the November 27,
1945 M8.0 earthquake (Sondhi, 1947). One of these is Malan Island,
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which emerged three times at the same spot, in November 1945, March
1999 and November 2010 (Kassi et al., 2013) (Fig. 5a). However, the at-
tribution of the new island to a mud volcano is not unequivocal. There is
the possibility that the island developed as a bulge of the seafloor driven
by the sudden release of deep gas hydrates, a process that has been de-
scribed in the area (Fischer et al,, 2013), or as a sub-circular massive ver-
tical uplift caused by the intrusion of subsurface mud plugs, a
phenomenon described in the Barbados accretionary prism (Deville
et al,, 2006). We favor a mud volcano origin because of the mud breccia
texture of the surface.

We evaluate the hypothesis that the island was a mud volcano and
calculate the change in normal stress on potential dikes that sourced
the mud volcano. In the region, potential feeder dikes are generally
oriented between N20°E and N30°E. In particular, the ca. 25 m tall
Tang mud volcano elongates N20°E (Fig. 5¢), and in the Ormara field
the rows of vents are aligned ca. N27°E and the nearby mud volcano
elongates in a N25°E direction (Bonini, 2012) (Fig.5d). We assume the
7-patch fault model reported in Avouac et al. (2014). The Mw?7.7 earth-
quake produced unclamping stresses on a receiver dike striking N25°E
(Fig. 5e; Table S4). However, the island shows a subtle but clear sym-
metrical elongation in a N122°E direction (Fig. 5b). A local feeder dike
with the latter orientation would have been clamped (Fig. 5f). If dikes
trend parallel to the crest of anticlines (N90°E) dikes are also clamped
(Table S4). We thus favor the hypothesis that dynamic stress changes
are the dominant earthquake triggering mechanism at the new—either
mud volcano or seafloor bulge—island because it lies close to a nodal
plane (Fig. 5e,f), rupture was unilateral toward the southwest, and the
southwestern-most extent of the rupture just 220 km from the new
island (Avouac et al., 2014). Thus, fault geometry and directivity effects
would have further enhanced the amplitude of dynamic stresses from
the seismic waves.

4.5. Mud volcano response to the 2012 Emilia seismic sequence (northern
Italy)

In the Northern Apennines, most mud volcanoes occur over the
hanging wall of the SSW-dipping active Pede-Apennine thrust system
that borders, to the southwest, the topographically flat Po Plain
(e.g., Bonini, 2012) (Fig. 6a, b). Active thrusts are also buried in the Po
Plain beneath a thick sequence of Late Miocene-Quaternary clastic
deposits (Boccaletti et al,, 2004).

A relatively strong seismic sequence nucleated on ~SSW-dipping
blind thrust faults forming the buried compressive front of the Northern
Apennines fold-and-thrust belt (INGV, TDMT; http://cnt.rm.ingv.it/
tdmt.html) (Pondrelli et al., 2012; Sarad and Peruzza, 2012; Govoni
et al., 2014). The sequence started with the Mw4.3 earthquake of 19
May 2012, shortly followed by the Mw6.1 main shock of 20 May 2012
with epicenter in the Finale Emilia area (Fig. 6a). On 29 May 2012, an-
other strong earthquake of Mw5.9 struck the region near Mirandola,
southwest of the 20 May epicenter (Fig. 6a). Different interpretations
of specific seismogenic structures have been proposed depending on
the assumed focal depth of earthquakes (e.g., Anzidei et al., 2012;
Govoni et al., 2014). The setting illustrated in the crustal section of
Fig. 6b assumes that the main seismic events of 20 May were generated
on a ~SSW-dipping thrust ramp, and those of 29 May occurred mainly
on the gently-dipping basal detachment and secondarily on the thrust
ramp lifting the Mirandola anticline.

Historical chronicles report that the Pede-Apennine mud volcanoes
experienced several large eruptions, some of which were likely
triggered by earthquakes (Bonini, 2009). None of the mud volcanoes ex-
perienced large eruptions after the main seismic events of 2012, yet in-
spection of these features a few days after the 20 and 29 May 2012 main
shock revealed that the majority of them clearly increased their activity
above the background conditions observed a few weeks before the
earthquakes. We could not measure the pre- and post-seismic gas
flux, and therefore the observed characteristics of increased activity

are necessarily described qualitatively in Table S5. On later visits
(March and August 2013), the mud volcanoes were found to be in a
state of near-quiescence, with very little net mud extrusion, with the
eruption dominated by gas emission by bursting bubbles.

We calculated static stress changes created by the main Emilia
earthquakes to assess the potential effects on mud volcano activity. A
previous analysis concluded that mud volcanoes with increased activity
were invariably situated in regions characterized by unclamping stress-
es on assumed N10°E-trending feeder mud dikes (Manga and Bonini,
2012). Here we present an improved analysis using the fault parameters
that resulted from the inversion of the SAR dataset (Bignami et al.,
2012), revised focal mechanism solutions (Sarao and Peruzza, 2012)
(Table S6) and additional observations. Practically all the mud volca-
noes that responded to the 20 May earthquake lie in the unclamping re-
gion created by this event, where the applied stress would act to open
the feeder dikes that in turn would encourage fluid discharge (Fig. 6c;
Table S5). The magnitude of these stress changes is generally slightly
above that of tidal stresses (Table S5). The normal stress changes are
greatest at Casola-Querzola and Regnano mud volcanoes (0.023-
0.026 bar), which had unambiguous enhanced activity (Table S5). A
similar normal stress change pattern results from the 29 May event.
The great majority of mud volcanoes occur again in the region with
unclamping stresses, whereas only Puianello lies in an area of clamping
stresses that would discourage fluid discharge by closing the feeder
dikes (Fig. 6d; Table S5). Reduced activity was indeed noted at Puianello
after this seismic event, whereas abnormally increased activity was
observed at many of the other mud volcanoes (Table S5). The results of
volumetric strain calculations indicate that all of the mud volcanoes fall
in the dilatation field created by both earthquakes of 20 and 29 May
(volumetric strain range is 5 x 10~ to 1079).

4.6. Response of the LUSI mud eruption (East Java, Indonesia) to multiple
earthquakes

The LUSI mud eruption, near Sidoarjo, East Java, Indonesia is the
largest (by erupted volume) and longest-lasting continuous mud
eruption in history (Fig. 7a). Because the eruption began just two days
after the Mw6.3 Yogyakarta earthquake of 26 May 2006, which
occurred at an epicentral distance of 255 km (per the USGS catalog),
there was considerable debate as to whether the eruption was triggered
by the earthquake (Fig. 7b). An alternative hypothesis was that drilling
operations at a nearby gas exploration well, which left a ~1700 m
uncased section through the overpressured, undercompacted Upper
Kalibeng Formation (the source of the erupting solids), were the prima-
ry cause of the eruption. For a thorough discussion of the cause for the
LUSI mud eruption, we refer the interested reader to earlier papers
that outline the key arguments for (Mazzini et al., 2007; Istadi et al.,
2009; Lupi et al., 2013) and against (Manga, 2007; Davies et al., 2008;
Tingay et al.,, 2008, 2015; Rudolph et al., 2015) an earthquake trigger.

Mazzini et al. (2007) suggested that the ongoing eruption at LUSI
was affected by earthquakes on 6 and 8 September (local dates), 2006.
The discharge from LUSI had been gradually waning, with cyclic/episodic
discharge, from 10 August to 10 September, 2006. Within several days of
the two earthquakes, which had magnitudes Mb 4.3 and 3.9 and epicen-
tral distances of 114 and 268 km, discharge reportedly increased to
160,000 m3/day (Mazzini et al., 2007, Fig. 5). The maximum discharge
reported at LUSI, 180,000 m>/day occurred in late September 2006,
shortly after a swarm of earthquakes between 20 and 21 September
with magnitudes Mb ranging from 3.7-4.6 and epicentral distances of
268-296 km from LUSI (magnitudes and locations are taken from the
USGS catalog). A magnitude 7.4 earthquake on 8 August, 2007 and a
magnitude 8.4 earthquake on 12 September 2007 are also reported to
have caused discharge to increase (Davies et al.,, 2008). The Mw5.4 Java
earthquake of 26 April 2011 caused the eruption at LUSI to transition
to two centers rather than one, approximately one hour after the event
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color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. (a) Satellite image (August 2012) showing the LUSI mud volcano in east Java (S7.52718 E112.71166). Image extracted from Google Earth®. (b) Location of LUSI and the Mw 6.3
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and one of the levees containing erupted mud at LUSI failed ~5 h after the
earthquake (Mazzini et al., 2012).

Efforts to understand the modulation of activity at LUSI by earth-
quakes are hampered by the discontinuous record of eruptive activity
as well as the lack of availability of information about local earthquakes.
Continuous records of eruptive activity at LUSI are not available for most
periods of time, and the methods used to obtain many published dis-
charge estimates are often not thoroughly described. Due to the sparsity
of seismometers in East Java, moment tensor solutions are not available
for the majority of earthquakes that may have affected the ongoing
eruption at LUSI. For instance, of the earthquakes shown in Fig. 5 of
Mazzini et al. (2007), only the Yogyakarta earthquake of 27 May 2006
has a published moment tensor solution. Without moment tensors,
static stress changes at LUSI cannot be calculated. However, moment
tensors are available for some events that reportedly affected the erup-
tion in 2007 and 2011 as well as one additional event in 2007 that we
show to have produced static stress changes, volumetric strains, and
ground motion amplitudes comparable to the events that did affect
the eruption.

We calculated static stress changes resolved on a vertical feeder dike
beneath the LUSI eruption with orientation parallel to the left-lateral
Watukosek fault (N35°E) (Mazzini et al., 2009), whose orientation is
similar to that of the lineament of vents at which the eruption began
(Istadi et al., 2009). We calculate the volumetric strain at a depth of
1500 m, comparable to the inferred source of erupting solids at LUSI
(e.g., Mazzini et al., 2007; Istadi et al., 2009; Sawolo et al., 2009), and
we calculate the unclamping stress on the feeder dike at a depth of
500 m. Surface deformation data (Shirzaei et al., 2015) and gas geo-
chemistry (Mazzini et al., 2012; Tingay et al., 2015) indicate that there
is an additional source of fluids at depths greater than about 3 km. We
also calculated ACFF for the Watukosek fault at a depth of 500 m, assum-
ing left-lateral slip, and using the friction coefficient and elastic moduli
listed in Section 3. The calculated static stress changes and volumetric
strains are given in Table S7. Based on the results of these calculations,
we cannot differentiate between events that affected the ongoing erup-
tion and those that did not based on either the sign or amplitude of
ACFF, unclamping stresses on feeder dikes, or volumetric strain. In par-
ticular, the two events of 8 August 2007 and 12 September 2007


http://earthquake.usgs.gov

M. Bonini et al. / Tectonophysics 672-673 (2016) 190-211 201

produced opposite signs of volumetric strain, ACFF, and unclamping
stresses, but both events are reported to have caused discharge to
increase. This suggests that static stresses are not the dominant mecha-
nism by which earthquakes affect the ongoing eruption at LUSL

Estimates of seismic energy density (Wang, 2007), as well as peak
ground acceleration, peak ground velocity, and arias intensity associated
with the propagation of seismic waves can be calculated from published
attenuation relationships specific to East Java (Davies et al., 2008). In Fig.
7c we show discharge at LUSI along with estimated seismic energy
density produced by earthquakes that occurred within 1500 km of LUSI
(Mazzini et al. (2007) restricted their consideration to earthquakes
occurring within 300 km of LUSI):

M = 2.7 4+ 0.69 log e + 2.1 log;r (3)

where M is earthquake magnitude, e is seismic energy density in J/m>,
and r is epicentral distance in km. In Fig. 7d, we calculated Peak Ground
Velocity (PGV) using the empirical attenuation relationship derived
specifically for East Java from Davies et al. (2008):

PGV = exp(4.67 + 2.04 M—4.53 Inr + 0.004781) (4)

where PGV is given in (m/s). This record contains several earthquakes
that produced ground motion as strong as or stronger than the
Yogyakarta earthquake. In particular, the Mw?7.7 event of 17 July 2006
(epicentral distance 625 km) is expected to have produced stronger
ground motion, twice the seismic energy density, and an order of
magnitude larger PGV than the Yogyakarta earthquake. No change in
eruptive behavior was noted at LUSI associated with this event, despite
the large amplitude calculated for any of the proxies for the amplitude
of dynamic stresses. Neither seismic energy density nor PGV as a metric
for the intensity of seismic waves at LUSI yields a clear relationship
between intensity of dynamic shear stress and changes in the rate of
the ongoing eruption.

5. Delayed response of mud volcanoes

It is relatively straightforward to assess seismic trigging for mud
volcanoes that have erupted within a few days of large earthquakes
and that are located at suitable epicentral distances (e.g., Manga and
Brodsky, 2006). The assessment of delayed triggering (i.e., eruptions
that occur several days or months after a potentially triggering earth-
quake) is more challenging, in that it is often difficult to distinguish
the triggered eruptions from those that would have happened indepen-
dently from the seismic event. Delayed eruptions may be influenced by
small (though permanent) static stress changes and/or dynamic strains,
but assessing the relative contributions of these stresses is difficult
(Manga and Brodsky, 2006). Viscoelastic relaxation of coseismic shear
stresses is suggested as a potential trigger for delayed, post-seismic
earthquakes (e.g., Freed and Lin., 2001), and may also influence
earthquake-volcano interactions and result in delayed triggering of
eruptions (e.g., Hill et al., 2002).

We examine here possible delayed, triggered eruptions by analyzing
the response of the mud volcanoes of Azerbaijan to the earthquakes
that hit this region in 2000. Azerbaijan is the most numerous onshore
collection of mud volcanoes worldwide (around 300; Aliyev et al.,
2009), and they thus provide through their large number an opportuni-
ty to evaluate the effect of stresses on eruptions.

5.1. Mud volcano eruptions in Azerbaijan, and the response to the 2000
Baku earthquakes

387 eruptions have been reported at 93 different mud volcanoes
in Azerbajian during the period 1810-2007 (Aliyev et al., 2009). Inter-
estingly, the number of mud volcano eruptions has shown a marked
increase in the year following the 2000 Baku seismic sequence

(Mellors et al., 2007), which includes some of the largest earthquakes
in this region (Fig. 8). The increase of eruption frequency after this
seismic sequence has also been noted and interpreted by Babayev
et al. (2014). The main seismic events were two nearly simultaneous
earthquakes offshore Baku on 25 November 2000. The two earthquakes
occurred within two minutes, and both events showed normal faulting
focal mechanisms with Mw of 6.8 and 6.5, and focal depths of 15 and
26.4 km, respectively (Centroid Moment Tensor solutions catalog;
http://www.globalcmt.org/); USGS reports the same magnitudes but
much greater focal depths (50.3 and 33 km, respectively; http://
earthquake.usgs.gov). Jackson et al. (2002) revised the events and in-
ferred lower magnitudes (Mw 6.2 and 6.1), and focal depths of 25 and
35 km depth, respectively.

The great number of mud volcanoes, and the record of eruptions that
followed the 2000 Baku earthquakes, provide an opportunity to investi-
gate the role of dynamic and static stresses in triggering eruptions.
Mellors et al. (2007) found that the number of eruptions (16) in 2001
exceeds 3 times the standard deviation from the mean, and determine
a weak correlation between these events and the delayed increase (up
to a year) in mud volcano activity. These authors do not suggest any
potential mechanism, though they hint that eruptions might be related
to near-field changes in stress that change groundwater levels. The mud
volcano eruptions that occurred after the 2000 Baku earthquakes are
located, with one exception, within ~100 km of the epicenters (see
Fig. 8; Table S8). This distance approximately corresponds to the
upper bound on the expected triggering distance found in empirical
relationships based on a global compilation of eruptions triggered with-
in days of earthquakes (Manga et al., 2009). However, no short-term
triggering has been reported following the 2000 Baku earthquakes. If
we assume that magnitude 6.2 earthquakes had rupture lengths of
~16 km (Wells and Coppersmith, 1994), then the majority of eruptions
occurred 4-5 fault lengths (60-75 km) from the epicenters, while
the observed maximum epicentral distance of ~129 km is about 8
fault lengths (Table S8). Such distances are generally referred to as
intermediate-field - distances great enough that static stress changes
are small. A number of eruptions also occurred at epicentral distances
of ~30 km (~2 fault lengths), close to what is considered the near-
field region (Table S8). Among these, most impressive was the flaming
eruption of the Lokbatan mud volcano on 25 October 2001, 11 months
after the main shocks (Fig. 1f, g).

If the eruptions that followed the 2000 Baku earthquakes were initi-
ated by the earthquakes, this raises the question of which processes
control delayed eruptions in the near- to intermediate-field, and how
the static and dynamic stresses contributed to the triggering. The
mechanisms controlling a significant delay between earthquakes and
eruptions are poorly understood, though diffusion of interstitial crustal
fluids (water, melt) in response to static stress changes may be impor-
tant (Hill et al., 2002). We thus investigate the magnitude and pattern
of static stress changes caused by the 2000 seismic sequence, and the
potential effects on the feeder systems of the mud volcanoes.

5.2. Volumetric strain and static stress changes created by the 2000 Baku
earthquakes

A previous computation of static stress concluded that only seven
eruptions, which occurred during the 3 years following the Baku earth-
quakes and within 60 km from the epicenters, could be related to crustal
dilation (Babayev et al.,, 2014). To avoid overestimating the strain and
static stress changes, we use the revised moment tensor solutions of
Jackson et al. (2002), who propose the smallest moment magnitude,
and we consider the focal depths recorded by the local Azerbaijan seismic
network (Table S9). The 2000 Baku earthquakes indicate normal faulting
parallel to the Caucasus belt. Though the significance of the normal
faulting is not fully understood, it is likely that it resulted from the bend-
ing or down-dip extension of the N-directed subducting South Caspian
slab (Priestley et al., 1994; Jackson et al., 2002; Knapp et al., 2004)
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(Fig. 8b). For this reason, earthquake ruptures are assumed to occur along
the NE-dipping nodal planes (Fig. 8b; Table S9). 3D seismic experiments
carried out in Azerbaijan have revealed the presence of gaseous mud res-
ervoirs at depths of approximately 2-4 km (Cooper, 2001), and therefore
volumetric strain is computed at an average depth of 3 km (Fig. S1).
The results of our static stress calculations indicate that the majority
of the inferred fluid sources for the mud volcanoes that erupted during
the December 2000-December 2001 time period lie in the contraction

field (blue) produced by both earthquakes on 25 November 2000
(Fig. S1). The sign of volumetric strain thus appears to be correlated
with eruptions, given that this volumetric contraction would pressurize
the fluid source (Fig. S1). A few mud volcanoes fall in the dilatation field
(red), including Lokbatan (number 10). However, it is likely that the
Lokbatan volcano has its main fluid reservoir in the 6-12 km depth
range (Kadirov et al., 2005), where the volumetric strain in fact becomes
compressive (see cross sections in Fig.S1).
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Unfortunately, there are orientation constraints for only some of
the mud volcanoes. For instance, the large mud volcano Lokbatan is
elongated and the Gotur gryphon field (which erupted in 2001) has
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aligned vents (Fig. 9g, h). The geometric and spatial characteristics of
the inferred feeder dikes (in terms of orientation, dimensions, position)
and the magnitude of the normal stress changes are summarized in
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Table S8. Normal stress changes were evaluated at 1 km depth, more
shallow than the assumed 3 km-deep reservoirs. Given that Ao, de-
pends on the position and geometry of receiver dikes relative to the
source faults, the patterns of normal stress changes are shown for the
main orientations of the feeder dikes (i.e., N30°E, N80°E, and N110°E;
Fig. 9a-f).

Nearly all of the identified receiver dikes lie in unclamping regions cre-
ated by both earthquakes of 25 November 2000 (Fig. 9a-f; Table S8). Both
earthquakes are expected to have contributed similar changes in normal
stress, which should be additive. By contrast, the Mw5.2 earthquake of
07 January 2001 (Fig. 8a) produced comparatively negligible normal
stress changes on the mud volcanoes. Negligible stress changes would
have also been those produced by the M ~ 7 06 December 2000 earth-
quake, which occurred in Turkmenistan at an epicentral distance (440
to 465 km from Lokbatan mud volcano) beyond that for which other trig-
gered eruptions have been reported (e.g., Manga et al., 2009).

The normal stress changes accumulated by both earthquakes are
greatest at mud volcanoes around Baku, where unclamping stresses
exceed 0.1 bar (0.01 MPa) at Lokbatan and Keyreki (Figs. 9a-f;
Table S8). At the more distant mud volcanoes, unclamping stress
changes are very small, and generally fall in the range 1072-103 bar
(Figs.9a, f, S2; Table S8). The computed stress changes are best regarded
as a lower limit, as there is some uncertainty about the actual earth-
quake magnitude; for instance, the magnitude Mw®6.8 from the Centroid
Moment Tensor solution catalog (Fig. 8a) would produce normal stress
changes that at Lokbatan are one order of magnitude higher (~2 bar at
1 km depth).

In summary, these results suggest that the majority of eruptions in
the intermediate-field are correlated with concurrent pressurizing
(squeezing) of the fluid source and unclamping of overlying, suitably-
oriented feeder dikes (cf. Fig. 9a,f with Fig. S1). The latter may represent
an efficient mechanism that may explain the triggering of eruptions at
mud volcanoes situated relatively far from the epicentral area. In some
cases the cumulative stress changes are smaller than tidal values, and
thus the correlation with eruptions is uncertain.

6. Mud volcano responses to multiple earthquakes
6.1. El Mayor-Cucapah 2010 (southern California) and local earthquakes

Near the Salton Sea, Southern California, there are numerous hydro-
thermal features including mud pots, mound springs, gas vents, and one
group of mud volcanoes near the intersection of Davis and Schrimpf
roads in the vicinity of Niland, CA (Mazzini et al., 2011; Onderdonk
et al,, 2011) (Fig. 10). These mud volcanoes are associated with the
Salton Sea Geothermal System and are driven by the escape of CO, pro-
duced by metamorphic decarbonation reactions (Muffler and White,
1969), with a significant mantle source (Mazzini et al., 2011). It has
been suggested that the mud volcanoes and other hydrothermal
features in this area are associated with strike-slip faults parallel to,
and representing perhaps, the southeastern-most extent of the San
Andreas Fault system (Lynch and Hudnut, 2008). The Salton Sea itself
is a pull-apart basin whose subsidence is accommodated by both right
lateral slip on the San Andreas and Imperial/Superstition Hills faults
and normal faulting within the Salton Trough (Brothers et al,, 2009).

Rudolph and Manga (2010) documented the response of the Salton
Sea mud volcanoes to the 04 April 2010 El-Mayor Cucapah earthquake.
Gas discharge from the mud volcanoes increased by about a factor of
two within two days after the earthquake and subsequently returned
to pre-earthquake values over the course of 1-3 months. Rudolph and
Manga (2012) documented one additional response and four non-
responses of these mud volcanoes to five earthquakes that produced
ground motions strong enough that a response was not unexpected
based on empirical relationships between earthquake magnitude and
epicentral distance (e.g. after Wang, 2007; Manga et al., 2009). While
Rudolph and Manga (2012) concluded that the observed changes in

eruptive activity were most likely triggered by dynamic stresses associ-
ated with the passage of seismic waves, we revisit the static stress
triggering hypothesis here by computing volumetric strain changes
and normal stress changes on potential feeder dikes.

The geometry of the faults associated with the Salton Sea mud volca-
noes is uncertain. We explore two different hypothetical fault geometries.
First, a vertically-dipping fault with strike parallel to the trend of the San
Andreas (Model A) and the proposed trends of the Brawley, Calipatria,
and Red Hill faults (Fig. 10a, b). Second, we consider a fault (Model
B) whose strike is parallel to the dominant trend of the northwest-
dipping normal faults imaged beneath the Salton Sea, S15°W, and
whose dip is 60° to the northwest (Brothers et al., 2009). Of the six events
documented in Rudolph and Manga (2012), we obtained focal mecha-
nisms for the three events of 04 April 2010, 14 September 2010, and 15
December 2010 from the Southern California Seismic Network moment
tensor catalog (Hutton et al., 2010) (Fig. 10a). A focal mechanism for
the 29 February 2012 event was also computed (personal communication
with Doug Dreger 2014) using two waveforms from stations CLBOM and
CLRXH, obtained from the Southern California Earthquake Data Center
(data.scec.org) and using methods described in Dreger and Helmberger
(1993). Due to low signal-to-noise, it was not possible to obtain
focal mechanisms for the two remaining events (02 April 2011 and 11
February 2012). For all events, we used the empirical fault geometry
from Wells and Coppersmith (1994) and used the reported event location
as the center of the fault.

Of the four earthquakes for which focal mechanisms are available,
three produced unclamping stresses for the receiver fault in Model A, in-
cluding both events that triggered increased eruptive activity. All four
events produced unclamping stresses on the receiver fault in Model B.
The Mw?7.2 El Mayor-Cucapah earthquake produced by far the largest
static stress changes, ~0.1 bar. The Mw3.87 event of 29 February 2012
occurred at an epicentral distance of only 2.2 km from the mud volca-
noes and produced static stress changes of 1073-10~2 bar. The sign of
the stress change results in clamping for Model A and unclamping for
Model B, and this event did not produce any measurable change in gas
discharge or eruptive activity at the mud volcanoes. The remaining
two events of 14 September 2010 and 15 December 2010 produced
comparable changes, 10™> bar in normal stress in Model A. For Model
B, the 15 December 2010 event produced 10~* bar normal stress
change whereas the 14 September 2010 event produced 10~ bar nor-
mal stress change. From Table S10, it is apparent that the events that
triggered increased eruptive activity at the Salton Sea mud volcanoes
differ from those that did not on the basis of seismic energy density, pre-
dicted using the empirical relationship in Wang (2007), but not on the
basis of the sign or amplitude of the normal stress change on either of
the fault models or on the basis of the sign of volumetric stress change.
Moreover, the changes in static stress associated with the 14 September
2010 and 15 December 2010 events are exceedingly small, 100-1000
times smaller than stress changes that would be expected due to natural
fluctuations in atmospheric pressure. Hence, it is unlikely that static
stress changes are the dominant earthquake triggering mechanism at
the Salton Sea mud volcanoes.

6.2. Niikappu mud volcanoes (1952-2003), Hokkaido, Japan

Near the town of Niikappu, Hokkaido, Japan, a series of mud volca-
noes lie above the crest of an anticline, with the vents striking N45°W
(Fig. S3a, b). While not currently active, they erupted mud breccias
several times in response to earthquakes. Chigira and Tanaka (1997)
document 5 eruptions in response to earthquakes between 1952 and
1994, and Mellors et al. (2007) document a 6th eruption in 2003. A pre-
vious analysis of these eruptions concluded that these mud volcanoes
require a repose time of 1-2 years to return to a state that allows
them to be triggered by earthquakes (Manga et al., 2009). Moreover,
whether or not eruptions occur is better correlated with the amplitude
of dynamic strains than the sign and magnitude of static volumetric
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Fig. 10. (a) Context map of Salton Sea mud volcanoes (red circle) showing major regional faults (red solid lines). Black solid lines within the Salton Sea (blue) indicate faults identified in
seismic reflection profiles, digitized from Brothers et al. (2009), Fig. 1a. The red dashed lines indicate local faults (Schroeder, 1976; Lynch and Hudnut, 2008) along which gas escapes and
springs tend to lie (Lynch and Hudnut, 2008). We show receiver fault orientations in (b), marked A and B, parallel to the normal faults within the Salton Sea and to the San Andreas Fault,
respectively. (c) The Salton Sea, California mud volcanoes. Hudson Ranch Il geothermal plant in the background began operations after the observations considered in this paper (photo 13
February 2012). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

stress changes (Manga et al., 2009). Here we revisit these previous
studies and observations and also consider the effect of the earthquakes
on the stress changes that act on the feeder dikes that likely underlie the
mud volcanoes.

We assume that the feeder dike has the same orientation as the trend
of the mud volcanoes. We use Coulomb 3.3 to calculate the change in nor-
mal stress on a vertical feeder dike with a strike of N135°E. We consider
the responses to the 6 earthquakes compiled in Manga et al. (2009) that
triggered eruptions and three that did not. Table S11 lists these events
along with the volumetric strains and unclamping stresses on the feeder
dikes. We observe no correlation between either the sign or magnitude
of either the normal stress change or the volumetric strain and the
triggering of eruptions at Niikappu. This analysis supports the previous
conclusion (Manga et al., 2009) that responses are best correlated with
the amplitude of dynamic stresses produced by seismic waves.

6.3. Different triggers and responses at one mud volcano: a historical
evaluation of the Montegibbio mud volcano (Northern Apennines, Italy)

The Montegibbio mud volcano has a long historical record of erup-
tions since 91 BC up to 1873 (Bonini, 2009). The main extrusive edifice
is extinct, and minor residual activity occurs at small bubbling pools in

the area. The oldest documented eruption occurred in 91 BC; Plinius
(in his Historia Mundi Naturalis) described two sky-scraping flare and
smoke columns that rose from the Pede-Apennine foothills nearly
immediately after a destructive earthquake that hit west-southwest of
Modena, in the Po Plain (Guidoboni, 1989; Casoli, 2001; CPTI Working
Group, 2004). The location of this eruption is about 14.5 km from the
91 BC macroseismic epicenter (Fig. 6a, Table S12). Another large
eruption occurred on April 5, 1781. A chronicle reports that some shak-
ing was felt at Sassuolo around 10 PM of April 4, 1781, and the violent
eruption of the volcano (~3 km away) occurred the day after at ca.
12 AM (Avv. Panini, in Calegari and Canestrini, 1867). This earthquake
struck the Romagna region, approximately 80-90 km to the southwest
from the volcano, with macroseismic magnitude Mw ~5.9.

The eruption of this mud volcano on June 4, 1835 was preceded by a
violent rumble and a local earthquake that was felt in the region around
the volcano; after that the volcano started to erupt, violently throwing
mud and rock blocks several meters (ca. 40 m) into the air, and small
flames developed within the smoke column that accompanied the
eruption (Dé Brignoli di Brunnhoff, 1836). The eruption was also accom-
panied by the development of large fractures in the ground, and the final
outcome was a vast mud flow. No large earthquakes occurred in the days
or months before the eruptions. However, a seismic sequence with two
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main events with Mw5.5 occurred in 1831 and 1832 in the Reggio Emalia
region, with macroseismic epicenters situated 30-35 km from the volca-
no (Fig. 6a). The last triggered eruption is mentioned by Mercalli (1883),
a consequence of the Mw5.1 1873 earthquake with macroseismic epi-
center situated 12 km from the volcano (Fig. 6a, Table S12).

We evaluate the potential normal stress change produced by all
these earthquakes on the feeder system of the Montegibbio mud volca-
no. On the basis of the alignment of extinct and active vents, the feeder
dike is inferred to be oriented N15°E (Bonini, 2012). Obviously focal
mechanism solutions are not available for these events, and thus
there are a number of uncertainties that influence the results of this
computation, particularly ambiguities related to the precise location
and magnitude of the historical earthquakes, as well as the geometry
and kinematics of the causative faults. Nevertheless, keeping in mind
these limitations, we infer the geometries of the source faults that pro-
duced the earthquakes of 91 BC and 1873 on the basis of available geo-
logical, structural and subsurface data consisting of detailed networks of
seismic lines (see Boccaletti et al., 2004). In particular, both earthquakes
are assumed to nucleate on the thrust system splaying ahead of the
Pede-Apennine thrust, and buried beneath the Po Plain deposits
(Fig. 6b). The 1781 source is that proposed by the DISS Working
Group (2010), a fault segment of the main Pede-Apennine thrust. The

91 BC - Mw = 5.7

1831 and 1832 earthquakes are both located northwest of Reggio Emilia
(Rovida et al., 2011)(Fig. 6a). The epicenter of the more recent Mw5.4
October 15, 1996 earthquake occurred very close to them, and presum-
ably nucleated on the same structure. A detailed analysis of aftershocks
identifies a NW-dipping backthrust associated with a NE-trending main
thrust (Ciaccio and Chiarabba, 2002). We have thus assumed that both
1831 and 1832 earthquakes were generated on a similarly-oriented
fault plane. For all events, we used the empirical fault geometry from
Wells and Coppersmith (1994), with the seismic event location as the
center of the fault.

Normal stress changes caused by the 91 BC event would have acted
to close the inferred feeder dike with a magnitude exceeding 0.1 bar
(Fig. 11a; Table S12). The observation that Montegibbio erupted nearly
synchronously with the earthquake suggests near-field triggering by
dynamic stresses. The 1781 earthquake occurred in the far-field and
produced very small clamping stresses (Fig. 11b; Table S12). Directivity
of seismic waves is likely to have been important because the fault strike
is broadly aligned with the volcano. The short-term mud volcano erup-
tion was therefore most likely triggered again by dynamic stresses. Both
the 1831 and 1832 earthquakes produced unclamping stresses with
magnitude similar to tidal stresses (Fig. 11c; Table S12), and the 1835
eruption, if triggered, would have been a delayed response to these
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Fig. 11. (a) Normal stress changes (Aoy; bar, unclamping positive) produced by various historical triggering earthquakes along the Pede-Apennine margin of the Northern Apennines.
Location and macroseismic magnitude of historical earthquakes are from Rovida et al. (2011) and CPTI Working Group (2004). The fault models are based on the seismotectonic map
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earthquakes. Finally, the 1873 earthquake produced some unclamping
stresses on the feeder dike, but these are of the order of tidal stresses
and thus the role of normal stress changes in the short term triggering
may be unimportant (Fig. 11d; Table S12). In summary, the history of
Montegibbio suggests that a given mud volcano may be sensitive to
multiple triggering mechanisms, particularly short-term dynamic
triggering in both the near- (91BC, 1873) and far-field (1781), as well
as long-term (1835) responses in which normal stress changes
unclamping the feeder dike may have played some role.

7. Discussion

The triggering or modulation of eruptions in the nine settings
considered here differ in the temporal response to the earthquakes,
and the changes in stress that are correlated with initiating eruptions
or modulating ongoing eruptions. Fig. 12 shows a summary of all of
the triggered mud volcano eruptions discussed here as well as the
LUSI eruption. Also shown on Fig. 12 are contours of seismic energy den-
sity calculated using Eq. (3) (Wang, 2007) and the characteristic rupture
length (red) from Wells and Coppersmith (1994). On this magnitude-
distance-triggering plot, we see that there is no clear division between
those eruptions that occur shortly after an earthquake and those that
occur in the months to years afterwards based on seismic energy densi-
ty. We thus compare and contrast these responses to understand why
some responses are rapid and others are delayed, and when and why
static and dynamic stresses play a dominant role.

7.1. The 2000 Baku earthquakes and long-term interaction with static stress
changes

The stress changes caused by the November 2000 Baku earthquakes
exceeded the minimum 0.1 bar conventionally-assumed threshold of

10* . .
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Epicentral Distance (km)

Earthquake Magnitude

Fig. 12. Summary of all earthquake-triggered eruptions discussed in the text and listed in
Tables S1-S5 and S8-S12 (modified from Rudolph and Manga, 2012). We use filled
symbols to denote short-term triggering and unfilled symbols to denote long-term or
delayed triggering. The black diagonal lines are contours of constant seismic energy
density, with labels giving the corresponding value in J/m>, based on the model of Wang
(2007). The red diagonal line is one subsurface rupture length, calculated according to
the empirical relationship from Wells and Coppersmith (1994) for all fault types. In
addition to the triggered eruptions, we show for comparison the Yogyakarta earthquake
and LUSI, indicated by the green star. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

static stress triggering (e.g., King et al., 1994; Stein, 1999) only at
Lokhotan and Keyreki, while the majority of the other mud volcanoes
experienced much smaller stress changes (0.001-0.01 bar), which are
similar to, or even smaller than, those produced by solid Earth tides
(0.01 bar; Table S8).

If mud volcanoes show sensitivity to tidal stresses, then we expect
that even the small static stress changes produced by the 2000 Baku
earthquakes would have exerted some effects on these systems. In the
considered case, the static stress changes would have acted to encour-
age the opening of feeder dikes above a pressurized source, and may
have thus played a role in the triggering of the delayed eruptions.
Tidal stress changes have been proposed to influence eruptions and
other geological events such as earthquakes (e.g., Tanaka et al., 2004).
Indeed, a statistical study hypothesized that 60% of the mud volcano
eruptions in Azerbaijan were controlled by tidal stresses (e.g., Guliyev
and Feyzullayev, 1997). The ability of tidal stresses to trigger earth-
quakes is contentious. A number of studies have reported no correlation
between Earth tides and earthquakes (e.g., Vidale et al., 1998), while a
weak correlation has been more recently determined using the largest
global earthquake catalog (Métivier et al., 2009). Other studies have
reported a positive correlation between Earth tides and low frequen-
cy earthquakes (e.g. Thomas et al., 2012; Ide and Tanaka, 2014; Royer
et al.,, 2015) and the eruptive activity of igneous volcanoes
(e.g., Sparks, 1981; Kasahara, 2002), though the limited number of
eruptions makes the latter assessment a challenge. Geysers, which
are particularly sensitive to strain (e.g., Husen et al., 2004) and expe-
rience many eruptions, provide perhaps the best opportunity to as-
sess whether tidal stresses influence eruptions. Early studies have
proposed that geysers respond to tides and barometric pressure
(Rinehart, 1972; Rojstaczer et al., 2003). However, the most recent
analysis based on thousands of eruptions found no sensitivity to
tides or barometric pressure changes (Hurwitz et al., 2014;
Munoz-Saez et al., 2015).

Statistically significant links have also been observed between seis-
mic events and eruptions of igneous volcanoes, months to a few years
after an earthquake (Marzocchi, 2002; Watt et al., 2009). In particular,
Bebbington and Marzocchi (2011) found that some volcanoes in
Indonesia show statistical evidence of triggering over various temporal
and spatial scales. These authors noted that if eruptions are driven
by overpressure, the increase in internal pressure produced by the
earthquake should exceed the critical threshold for direct triggering,
otherwise the effect would not be observable. Assuming that all the in-
creases in pressure are cumulative, even small stress increases produced
by any earthquake may ‘advance the clock’ of the next eruption, imply-
ing that the susceptibility to the triggering is a property of the volcano
system (Bebbington and Marzocchi, 2011). That is, only volcanoes that
are sufficiently close to eruption may respond to the stress changes
caused by an earthquake. If so, volcanoes that have been quiescent for
long periods may be more predisposed to erupt (Eggert and Walter,
2009). It is noteworthy, then, that the earthquakes of 25 November
2000 occurred during a period that was comparatively quiescent (see
the time-eruption histogram in Fig. 8c). This analysis is straightforward
for the Keyreki and Lokbatan mud volcanoes, because at the time of the
2000 Baku earthquakes both had been in repose for about 10 years
(Aliyev et al., 2009), and both experienced a stress increase that reached
the conventional threshold for static stress triggering (0.1 bar). If the
statistical significance of the increased eruption rate determined after
the 2000 Baku earthquakes is valid, this would suggest that a significant
fraction of the eruptions were triggered. We cannot discriminate
between those truly triggered (but still delayed) and those that would
have occurred anyway, because we lack information about the state of
each mud volcano prior to the earthquakes. Nonetheless, the actual
occurrence of even a few delayed eruptions would imply a process
that converts the static stress and the transient dynamic stress into a
permanent increase of internal pressure (e.g., Manga and Brodsky,
2006). Babayev et al. (2014) deduced that dynamic strain has been
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the dominant factor in driving eruptions over the five years following
these earthquakes.

It is unexpected that the Baku earthquakes did not produce any
immediate triggering of eruptions given the great number of mud
volcanoes in the region and previous earthquakes in the region did
trigger eruptions within days of the earthquakes. Many of the onshore
mud volcanoes are supposedly sourced by feeder dikes with preferen-
tial orientation in the interval N20°-40°E (Bonini, 2012). Both Mw6.2
and Mw6.1 25 November 2000 earthquakes would have produced nor-
mal stress changes that would have clamped the N20°-40°E-trending
feeder dikes (see Fig.S4). From a static stress perspective, the results
are thus generally consistent with the observed post-seismic inactivity
of the mud volcanoes. We hypothesize that some delayed eruptions in
Azerbaijan were the result of the static stress changes (compressing
the mud source, and unclamping the suitably-oriented feeder dikes)
‘advancing the clock’ of eruptions (Bautista et al., 1996; Nostro et al.,
1998).

7.2. Short-term static stress interaction

In the examples studied here, we did not document direct triggering
of new eruptions, except perhaps offshore Pakistan. But we could assess
the effect of static stress changes on dormant mud volcanoes (Romania;
Taiwan; northern Italy; Japan; Andaman Islands) or increasing the activ-
ity of an already erupting system (LUSI; southern California). Dynamic
stresses are likely to play a central role in the short-term triggering of
eruptions, a conclusion that requires that we also evaluate the static
stress changes.

The Emilia mud volcanoes apparently increased their activity where
the computed unclamping stresses are highest, though the stress
changes were still modest, similar to those produced by Earth tides
(Table S5). We also note that some mud volcanoes at greater distances
from the epicenter (~63 km for Casola-Querzola and Regnano) had a
more pronounced response than those closer to the epicenter (52 and
55 km for Nirano and Puianello, respectively), where dynamic stresses
are presumably higher (Table S5). This behavior might result from the
different state of mud volcanoes, with some systems more susceptible
to respond than others, or from the focusing of seismic wave energy,
volcanoes being preferentially triggered by distant earthquakes when
aligned with the fault in the direction of rupture (Delle Donne et al.,
2010). However, rupture directivity is unlikely to have been important
in the studied examples, and we also lack information regarding the
pre-seismic state of the mud volcanoes. Given the small magnitude of
static stress changes, their role in the short term is unclear.

In six other settings (Romania, Taiwan, Japan, Pakistan, Andaman
Islands, and California) there were short-term responses to earth-
quakes. Possibly-new activity offshore of Pakistan, renewed activity at
the Niikappu mud volcanoes, and increased gas flux at the Salton Sea
mud volcanoes are not correlated with unclamping of feeder dikes
and the triggered eruptions are most probably dominated by the
dynamic stresses. In Romania and Taiwan unclamping stresses are
well above the conventional threshold for the triggering, and hence
are likely to have played a significant role in the mud volcano eruptions.
Unclamping stress in Andaman Islands are instead slightly less than
tidal stresses and are thus likely to be irrelevant to the short-term
triggering of the mud volcano eruption.

7.3. Response to dynamic rather than static stresses

While most of the eruptions in Azerbaijan are seemingly associated
with unclamping feeder dikes, the Pakistan, Niikappu and Salton Sea
mud volcanoes do not appear to be sensitive to the static stress changes
they experienced, and responses are better correlated with the ampli-
tude of dynamic stresses. In some cases (Romania and Taiwan), howev-
er, the unclamping stresses are still large (1-3 bar) so static stress
changes may still have played a role. Given the feeble unclamping

stresses (<0.01 bar), the eruption in Andaman Islands is instead likely
to have been dominated by dynamic stresses.

The Salton Sea mud volcanoes differ from those in Azerbaijan and
other settings (Romania, Italy, Taiwan, Japan, Andaman Islands) in
that there is little net extrusion of mud and the mud erupts continuous-
ly. One explanation for the insensitivity of the Salton Sea mud volcanoes
to static stress changes is that gas ascends through pathways (pore
networks or cracks) whose geometry is not significantly affected by
changes in normal stress but whose permeability is enhanced through
the removal of particulate blockage or trapped bubbles (Beresnev,
2006; Beresnev and Deng, 2010) by the passage of seismic waves. The
latter mechanism was invoked by Rudolph and Manga (2012) to
explain the apparent sensitivity to the frequency of seismic waves.

8. Conclusions

Our observations and analyses allow us to use two complementary
approaches to understand how earthquakes affect eruptions: first we
identified the responses of sets of mud volcanoes to individual earth-
quakes in Azerbaijan, Romania, Taiwan, Andaman Islands, Pakistan,
and Italy, and second the response of mud volcanoes in Japan, Italy
and in California to multiple earthquakes. In the first case the analysis al-
lows us to assess how the spatial variation of stress influences new
eruptions and the discharge rate. In the second case we can assess
how a single feature responds to different external stresses. In
Azerbaijan, most of the eruptions that occur within a year of the
earthquakes occur in regions where static stress changes caused the
mud source to contract and the feeder dikes to widen. There are a few
exceptions, however, suggesting that dynamic stresses played a role
or that the earthquakes did not influence the eruptions. The permanent
stress changes are small, typically 0.001 to 0.1 bar, so we suggest that
the earthquake caused the eruptions to occur earlier than they might
otherwise. This also explains why the eruptions are not triggered within
days of the earthquakes. In other cases, where feeder dikes were
unclamped, mud volcanoes responded within days.

In Taiwan and Romania mud volcanoes occur in the near field of an
earthquake where unclamping stress changes are relatively large (they
may approach or exceed 1 bar). In the Andaman Islands and Italy we
also find that eruptions and discharge rate increases where the static
stress changes unclamp feeder dikes. However, the stress changes are
small (of the order of Earth tides, 0.01 bar) and thus their contribution
would have been negligible relative to dynamic stresses, though in
Italy we note that mud volcano activity is highest where unclamping
stresses are highest. In contrast, in Japan and for the new island off the
coast of Pakistan, renewed activity at the mud volcanoes is not accom-
panied by unclamping of feeder dikes, and may result from dynamic
stresses only. In California, the studied mud volcanoes continuously dis-
charge gas but little mud; here we find that static stress changes have
little effect and increases in gas discharge are best correlated with the
amplitude of seismic waves. The responses may be due to bubbles
being mobilized by the passage of seismic waves. When static stress
changes play a role in triggering, the examples discussed herein show
that mud volcano eruptions occur for both contractional and dilatation-
al volumetric strain; therefore, clamping/unclamping of the feeder dike
may be the dominant discriminating factor for static stress triggering.

Taken together, the responses in these various field settings reveal
that there is no single way in which mud eruptions respond to the stress
changes produced by earthquakes. Responses depend of whether the
eruption is ongoing and the processes causing mud to erupt - triggering
may be rapid or delayed, and mud eruptions may show different sensi-
tivity to static and dynamic stress changes. The responses of a given
mud volcano may also reflect different triggering mechanics, as inferred
for the now-extinct Monteggibbio mud volcano in the Northern
Apennines. In general, dynamic stresses are likely to exert the dominant
control on the triggering. In some cases, however, static stress changes
are large enough (0.1 to 3 bar) to suppose that they have been
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influential. Static stress changes of ~0.2 bar are shown to be more effec-
tive than peak dynamic stresses (more than one order of magnitude
higher) in activating or shutting down remote faults (Sevilgen et al.,
2012). If mud volcano systems show the same sensitivity to stress
changes, the role of static stresses should still be evaluated when trying
to understanding eruption triggering processes.
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