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Abstract. Eruptive rates in volcanic arcs increase signifi- canic arcs to subduction zone mega-thrust earthquakes will
cantly after subduction mega-thrust earthquakes. Over shotte manifested as predominantly strike-slip seismic events,
to intermediate time periods the link between mega-thrustand that these future earthquakes may be followed closely by
earthquakes and arc response can be attributed to dynamiedications of rising magma to shallower depths, e.g. surface
triggering processes or static stress changes, but a fundaaflation and seismic swarms.
mental mechanism that controls long-term pulses of vol-
canic activity after mega-thrust earthquakes has not been
proposed yet. 1 Introduction
Using geomechanical, geological, and geophysical argu-
ments, we propose that increased eruption rates over longedne of the fundamental uncertainties in earth science is the
timescales are due to the relaxation of the compressionahechanism controlling volcanism in compressional environ-
regime that accompanies mega-thrust subduction zone eartiments. Horizontally oriented stresses during compression
guakes. More specifically, the reduction of the horizontal produce high confining pressures on incipient flow paths,
stresso;, promotes the occurrence of short-lived strike-slip suppressing vertical flow. Instead, this favours sill develop-
kinematics rather than reverse faulting in the volcanic arc.ment when the pressure of magma at depth exceeds the mini-
The relaxation of the pre-earthquake compressional regimenum principal stress. Reviews of the structural and petrolog-
facilitates magma mobilisation by providing a short-circuit jcal characteristics of volcanic systems associated with re-
pathway to shallow depths by significantly increasing the hy-verse and strike-slip faultsTipaldi et al, 2010 show how
draulic properties of the system. The timescale for the onseévolutionary effects of the local stress field affect eruption
of strike-slip faulting depends on the degree of shear stresgates and volcanic behaviours. Over non-geological time pe-
accumulated in the arc during inter-seismic periods, which inriods, the complexity of these systems is partially due to vari-
turn is connected to the degree of strain-partitioning at con-ations in the loading environment throughout mega-thrust
vergent margins. earthquake cycles, from sub-horizontal compression during
We performed Coulomb stress transfer analysis to deterconvergence, to short-lived viscoelastic relaxation during
mine the order of magnitude of the stress perturbations irpost-seismic periods. Indeed, volcanic belts in convergent
present-day volcanic arcs in response to five recent megamargins undergo different tectonic regimes that either restrict
thrust earthquakes; the 2005 M8.6, 2007 M8.5, and 2007%r promote vertical migration of deep fluids and magmas
M7.9 Sumatra earthquakes; the 2010 M8.8 Maule, Chileby the cyclic loading and unloading of the effective normal
earthquake; and the 2011 M9.0 Tohoku, Japan earthquaketress caused by the recurrence of mega-thrust slips at the
We find that all but one the shallow earthquakes that occurre&ubduction interface.
in the arcs of Sumatra, Chile and Japan show a marked lateral
component. We suggests that the long-term response of vol-
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A link between mega-thrust earthquakes and volcanic ac- In this paper we expand on this concept to explore long-
tivity was first recognised by Charles Darwin when he notedterm and evolving changes in the stress state in the arc fol-
increased volcanism in Chile following the M8.5 Concep- lowing mega-thrust subduction zone earthquakes. We pro-
tion 1835 earthquakeD@rwin, 1840. Seismically induced pose a mechanism that operates at timescales greater than
volcanic activity with varying time- and space-scales is nowthe immediate effects of dynamic-stress triggering and long
recognised around the globedgert and Waltei2009, with after static stress changes from mega-thrust earthquakes have
examples from the USAL{pman and Mullineaux 198%; perturbed the system. We explore the mechanical conse-
Sanchez and McNuytt2004, Kamchatka alter, 2007, guences of a decadal change in the kinematics associated
Central America \Villiams and Self 1983 White and Har-  with the post-seismic relaxation and suggest that the tectonic
low, 1993, Japan Koyama 2002, and Italy Sharp et al.  switch from pre-earthquake compression to post-earthquake
1981, Nercessian et 311991, Marzocchi et al.1993 Nostro  relaxation results in a dominantly strike-slip stress state em-

et al, 1998. placed during the “less compressive” time window that fol-
Triggered volcanic activity spans a range of timescaleslows mega-thrust slips. In this context, increases of crustal
and distancesHill et al., 2002 Delle Donne et a).2010. permeability via normal stress reduction and strike-slip fault-

In the immediate or short term associated with passing seising become the most efficient mechanism for vertical migra-
mic waves, mechanical perturbation of the magma resertion of melts and deep slab-derived trapped fluids.
voir may result in processes such as rectified diffusion, gas
exsolution, and/or unclogging of migration pathwayll(
etal, 2002 Brodsky and Prejea2005 Manga and Brodsky 2  Short-lived tectonic switch: proposed mechanism
2006. Such processes may also be enhanced by the overall
geological structure at depthypi et al, 2013. Examples  We hypothesise that long-term increase in arc volcanism is
include the Kamchatka M9.0 earthquake in 1998hhson  kinematically controlled whereby post-seismic relaxation of
and Satakel999, which was followed by eruptions of the the compressional stress regime initiates short-lived strike-
Karpinsky and Tao-Rusyr volcanoes one and seven days, reslip kinematics in the volcanic arc. The onset of strike-slip
spectively, after the main shocWglter and Amelung2007), faulting is controlled by (i) the degree of strain partitioning at
and the Minchinmavida and Cerro Yanteles volcanoes thatonvergent margins, (ii) the inter-seismic duration that con-
erupted less than 24 hours after the Conception, Chile, earthifols the shear stress amplitudes, and (iii) the relative val-
quake Darwin, 184Q Cembrano and Lar2009. ues of the verticab,, and horizontalo;, principal stresses
Static stress changes induced by slip on the subduction inbefore the mega-thrust earthquake. The onset of strike-slip
terface develop at short to intermediate timescales, princifaulting promotes an increase of volcanic activity because
pally by relaxing the normal stress that acts on incipient flowit provides a short-circuit pathway for upwelling fluids and
pathways Cembrano and Lar2009. The delay between magmas. Strike-slip faulting dramatically increases the ver-
earthquakes and volcanic unrest can extend to years, wittical permeability of the crustal transport network and may
some relationship of the hypo-central distance to the volcaniénduce high strain rates in the magmatic reservoir if the mag-
system Walter and Amelung2007). The rising speed of the matic chamber is affected by the fault pla@h@ussard et al.
magma is principally driven by the content of volatiles in 2013.
the melt (e.gSigurdsson et g11999. Hence, it is not pos- The degree of strain-partitioning strongly affects the
sible to address any relationship between the depth of thewitch from reverse to strike-slip environmen@hgmenda
magmatic reservoir and the delay of the eruption. Howevergt al, 2000. In addition, the closer the absolute valuespf
few examples may provide some insights about the timescalendo, are before the mega-thrust earthquake, the more the
of these processes. For instance, a M8.3 subduction earttswitch from reverse to strike-slip faulting is favoured. The
quake in 1923 in Kamchatka triggered many subsequent volmechanical argument is illustrated in the 3-D Mohr diagram
canic eruptions in the region, with two in 1923, one in 1925, in Fig. 1. In compressive subduction systems, thrust faulting
two in 1926, and one each in 1927, 1928, 1929 and 1930s favoured prior to mega-thrust earthquakes, with the maxi-
(Eggert and Walter2009. More recent examples include mum principal stressoff = o) assumed to be horizontal in
the Planchén-Peteroa, Puyehue-Corddn Caulle, and Copahulee direction of convergence, the minimum principal stress
volcanoes that erupted approximately seven, sixteen, an¢bs = o,) vertical (weight of the overburden), and the in-
thirty-four months after the M8.8 February 2010 Maule termediate principal stress{ = o},) also horizontal and or-
earthquake, respectively. The mechanism driving static stresthogonal tary . This stress state favours sill development and
triggering at intermediate to long timescales remains unclearthrust faulting but hinders vertical dike formation and prop-
but recent studiedNalter and Amelung2007 Bonali et al, agation {ibaldi et al, 2010. The maximum shear stress de-
2012 suggest that reductions of the effective stress in re-veloped during compression igax= (ocg —0,)/2 and it is
sponse to slip along mega-thrust subduction interfaces maproportional to the angle of incidence of the ongoing sub-
contribute to magma mobilisation. duction Chemenda et al2000. In this stress state, opti-
mally oriented faults are thrust faults dipping at arouné 30
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Fig. 1. Mechanical argument for a long-term increase in volcanism following mega-thrust earthquakes. The stress state during compression
(loading) encourages thrust faulting and sill development, but limits vertical fluid flow. Beneath the arc, the vglig lifjher (and close

to o3,) than at same depths in the fore-arc region. Post-seismic unloading reduces the maximum horizontal stress, while simultaneously
increasing vertical permeability (increasing fluid pressure) due to the reduction in fault normal stress. Due to the redugti@maf
moreoveloy,, o, becomes the intermediate principal stress initiating strike-slip faulting in the arc.

assuming a friction coefficient of 0.6. Slip along the mega-in early 2012 Feigl, 2013. The inflation strongly and sud-

thrust interface predominantly relaxeg;. Ignoring poro-
elastic effectsgy and o, are coupled. Bothvy and oy

thoughoy, is reduced at a lower rate. The overburderre-
mains unchanged, sodf, reduces below, the stress state in

denly accelerated to 388 mmyr after the occurrence of

a strike-slip M6.0 earthquake on 17 June 2012, which oc-
are continuously reduced during the relaxation process evenurred beneath the volcanic system (Rj. An example of

a magmatic province that was likely developed during a pe-
riod of extension or strike-slip faulting are the Sierra Nevada

the arc emerges as a strike-slip regime. The time required t®atholiths, California, which are thought to have formed as
achieve strike-slip faulting depends on the stress differencesoon as compression ceasikoff and Greeng1997). In
betweerv;, ando, prior to the mega-thrust earthquake. For addition, Mazzini et al. (2009 show that strike-slip fault-
this reason, the switch from reverse to strike-slip regimes isng may favour the development of piercement structures
favoured in the arc where, ando;, are closer (Figl). This and faulting as a mechanism for seismic pumping of deeply
implies that, compared to fore- or back-arc regions, smallettrapped fluids has been proposed ®pson et al(1975,
reductions ofbr;, are needed beneath the volcanic arcdpr  and contributed to explain aftershock sequences in the Ital-
to become the intermediate principal stress. ian Apennines Nliller et al., 2009, or the emplacement of
ore deposits@ox and Ruming2004).

Our conceptual model is also consistent with other spec-
ulative but yet intriguing examples where magma mobili-

Geochemical studies in arc lavas suggest transport of slapsation is restricted during thrusting and accelerates signifi-
derived fluids originated at depth and mobilised over shortcantly once large part of the compressive stress is removed
timescales (e.gSigmarsson et 311990 2002. A textbook via large-scale slip on the subduction zone interface. For in-
example that illustrates the mechanism proposed in this papeftance, studies of crystal growtDritt et al, 2012 show

is provided by the recent evolution of the Laguna del Maulethat Santorini volcano, Greece, lay dormant for 18 kyr be-
system, which is a volcanic complex located in the fold andfore evolving into a caldera-forming eruption (ca. 1600 BC)
thrust belt of Central Chile, facing the main slip of the Maule in & mere 100 yrDriessen and Macdonald997) highlight
earthquake. InSAR studies highlight an inflation phase thathe occurrence of seismically induced ruins of the Minoan
began in 2007 and reached an average value of 227 mhmyr civilisation on the isle of Thera pre-dating the eruption of

2.1 Supporting arguments
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Fig. 2. Maps of Sumatra, Chile, and Japan showing locations of shallow aftershock events that followed the mega-thrust events of Sumatra
(M8.7, M8.4, M7.9), Maule (M8.8), and Tohoku (M9.0). Blue focal mechanisms identify seismic events with focus depths shallower than
15km whereas red focal mechanisms show events deeper than 15 km but shallower than 20 km. The depth range was selected to identif
crustal events only (i.e. relevant to brittle deformation of the arc). Focal mechanisms of seismic events with magnitudes smaller than M5 were
not always available from USGS, ESMC, and GMT online catalogues and were therefore not plotted to avoid biased estimates of ongoing
crustal deformation. White and black-cored circles indicate aftershock activityM8 at the subduction interface while red and black-cored

circles indicate seismic events (MM5) in the arc for which focal mechanisms are not available. All the focal mechanism plotted here can

be retrieved from the CMT seismic catalogue.

Santorini. Given that the earthquake occurred on the Helleniénterface. Figure3 shows the tectonic settings, the slip dis-
subduction zone, this event is consistent with our hypoth-tributions, and the direction of the volcanic arcs for Sumatra,
esis where a mega-thrust earthquake transformed the stre&hile, and Japan. In oblique subduction zones the shear com-
state in the arc hosting Santorini into extension or transtenponent is accommodated in the overriding plate by trench-
sion, and possibly initiated the observed rapid magma moparallel, regional-scale, strike-slip faults that are localised
bilisation. Another example is the most recent eruption ofwithin the volcanic belt because of the higher geothermal
the Chaitén volcano, Chile, that entered a new eruptive phasgradients. Several authors investigated the dynamics of strain
in May 2008 after more than 9kyr of dormancdyicks partitioning using mathematicalPlat; 1993 Braun and

et al, 2011 suggest that mobilisation of the viscous rhy- Beaumont 1995, experimental Rinet and Cobbold1992

olitic magma that fed the eruption was accelerated by the inBurbidge and Braunl9998, and field Rosenau et 312006
troduction of (mechanically created) permeability and pres-studies Fitch (1972 suggests that the strike-slip component
surisation of the magmatic chamber due to the 1960 Val-relates linearly to the incidence angle of the subduction, with
divia mega-thrust earthquake. Interestingly, a temporary netsome relation between normal and shear stre€¥e=menda
work deployed in 2004 and 2005 around the Chaitén vol-et al. (2000 highlight that the degree of stress patrtitioning
cano showed clusters of seismicity at the source of that erupis proportional to the rate of along-trench translation and in-
tion with strike-slip focal mechanism#\icks et al, 2017). versely proportional to the convergence rate and incidence
Finally, Mount Sinabung in Sumatra, after 400 yr of quies- angle. These observations are consistent with the behaviour
cence, erupted in August and September 2010, 5yr after thin the oblique-subducting margins of Chile and Sumatra
2005 M8.6 Nias earthquake. The Sinabung volcano, whichwhere strain is partitioned and where strike-slip faulting oc-
resides upon the Great Sumatran strike-slip fault, is locatecturs in the arc (Fig2). Little partitioning is expected in
about 180 km east of the region of maximum slip during the Japan because of the frontal collision. However, some strike-
Nias earthquakeHendrastp2017). slip faulting following the Tohoku earthquake was observed
along the periphery of the perturbed regions, and close to
the Itoigawa—Shizuoka and Ishigaki—-Kuga tectonic lines, in
proximity of mapped reverse faults. This is in agreement with
a progressive reduction ef,, which promotes, to become

the intermediate principal stress. However, fault reactivation
and magma mobilisation are not always coupled and when
this happens (i.e. Laguna del Maule) many (unknown) fac-
tors (such as crustal permeability, magma viscosity, current

3 Strain partitioning and observed focal mechanisms in
the arc

If strike-slip faulting contributes to magma mobilisation,

then it is important to determine to what extent strike-slip
faults in the arc were perturbed from slip on the subduction
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stress-state of the volcanic system) may affect the time delay.2 Chile

between faulting and magma mobilisation.

The region that faces the slip of the M8.8, 2010, Maule earth-
quake is located north of the Liquifie—Ofqui transform sys-
tem, but oblique convergence of the Nazca and South Amer-

. ican pl | rovi for shear str velopment in th
Coulomb stress transfer is a commonly used tool to deter—cal plates also provides for shear stress development in the

: . ) thick and old crust north of 37/S. This is shown by two
mine the change in normal and shear stress on defined plan . .
. . C : . > 5 strike-slip earthquakes that occurred 6 months and 30
(receiver faults) due to slip on elastic dislocations in a three-

dimensional half-spac&ing et al, 1994 Stein 1999 Toda months after Fhe Maul_e earthquake in the fold and thrusF belt
X of Central Chile Bonali et al, 2012, where lateral motion is

et al, 2011). We performed Coulomb stress analysis us- not highlighted by mapped strike-slip faults. In the Coulomb

ing published slip distributionsUSGS 201Q Ji, 2013 as ghiig y mapp P '

the source faults for the 2005 M8.6. 2007 M8.5, and 2007analy5|s in Fig5, we choose receiver faults with strike, dip,

M7.9 Sumatra earthquakes; the 2010 M8.8 Maule, Chileand rakt_a detc_ermmed _from mo_ment tensor solutions of the
M6.0 strike-slip event in the Chilean arc.

earthquake; and the 2011 M9.0 Tohoku, Japan earthquake. The results in Fig5 refer to the fault plane subparallel to

As receiver faults we used the strike, dip, and rake anglethe direction of the arc; results for the antithetic fault plane

gz)oll/rl'r?%(l:g) Tt?irl?ee—r;tli;t)egz(r)t;]cja[aulzaosnﬁs?g ds?:ltlrc])(\;v éﬁ?l_sézgn_striking NW-SE are discussed later. The stress transfer anal-
logs that occurred in each of the volcanic arcs following theY>'S shows effects of the Maule earthquake, and highlights

‘that fault planes subparallel to the direction of the arc were

mega-thrust earthquake. Moment tensor solutions forseism'?oaded towards failure. Although much of the Coulomb fail-
events weaker than M5 are not always available. We only ac- )

count for the focal mechanism of events larger than M5, Weure stress is due to the reduction of the normal stresses, we

I rve a remarkable incr in shear stress. r
also acknowledge the sensitivity of Coulomb analyses to th also observe a remarkable increase in shear stress. fgure

gost-seismic state) shows increased shear and reduced nor-
selected parameters. Here we are only concerned about t : . .
mal stress where observed strike-slip focal mechanisms oc-

order of magnitude of the stress variations imparted in thecurred, indicating that the stress state in the arc is currently
arc by the mega-thrust earthquake.

accommodating the lateral component.

4 Coulomb stress transfer to the arc

4.1 Sumatra
4.3 Japan

Oblique convergence in Sumatra is accommodated by

trench-normal subduction and trench-parallel transform mo{n Japan, strain partitioning is negligible because of the
tion along the Sumatra transform fault. Three mega-thrusiearly frontal subduction of the Pacific Plate beneath the
subduction zone earthquakes occurred in 2005 and 2007FEurasian Plate. This is also confirmed by the reverse focal
producing trench-normal slip along most of the island. We domechanisms of large magnitude seismic events occurring in
not consider the 2004 M9.2 earthquake because slip from thdhe Japanese arc before the 11 March 2011 mega-thrust earth-
earthquake occurred primarily to the north of Sumatra whereduake (i.e. on 13 June 2008 or 20 September 2010). The dis-
there is no arc. Substantial shear stress along the Sumatrdfibution of the volcanic systems in the Japanese arc may
fault is expressed by the occurrence of six-N\6.0 strike-slip ~ also reflect the absence of a through-going strike-slip fault
faulting events between 2006 and 2009. Fighighows that ~ System Nakamura et a.1977). The strike-slip focal mecha-
the regions where these events occurred were mechanicalfjisms that immediately followed the Tohoku earthquake are
perturbed by the mega-thrust slip either by increase of shedPcated in complicated regions that accommodate the differ-
or normal stress. In the first case, seismic or aseismic laterg@ntial (strike-slip) motion of the Pacific and Philippine plates
slip may shear the magmatic reservoir (for instance locatedvith respect to the Eurasian Plate. Strike-slip seismic events
upon the Great Sumatran Fault) reducing its effective viscos{blue circles of Fig.2c) occur in regions characterised by
ity by orders of magnitude and thus enhancing its m0b|||ty thrust faulting (|e close to the Kuroiwayama, Furumi, Juchi-
In the second case, the reduction of normal stress promoteidara, and Zenkoji faults — se®S for a complete database
an increase of permeability and the upwelling of deep fluidsOf Japanese faults). The reactivation of such systems with
that further reduce the effective normal stress bringing faultsstrike-slip kinematics can be explained by the short-lived tec-
closer to failure. Based on this we would expect additionaltonic switch illustrated in Figl. Figure6 shows a Coulomb
events with strike-slip focal mechanism to occur within the stress transfer analysis from the slip of the M9.0 2011 To-
next years as post-seismic relaxation of the compressiondloku earthquakeUSGS 2010. As receiver fault we used

regime will continue to trigger the transform component of the plane subparallel to the direction of the arc identified by
strain-partitioning. the focal solution of a M5.4 event (11 April 2011). The anal-

ysis shows that the entire region was mechanically perturbed
and faults were brought closer to failure, consistently with
static stress transfer as an earthquake triggering mechanism.
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Fig. 3. Tectonic setting and co-seismic slip of the Sumatran, Chilean, and Japanese eartl{gidakesM8.7 Nias earthquake occurred on

28 March 2005 at the interface between the Sunda and Australian plates. The maximum slip was calculated to be approximately 14 m (30 km
deep) with a rupture plane striking985 and dipping 1%, which propagated laterally for approximately 400 km NW-SE and for more than

180 km down-dip SGS 2010. The M8.4 and M7.9 Sumatran earthquakes occurred on September 12 2007 and caused maximum slips
of 4 and 7 m, respectivelyb) The M8.8 Maule earthquake struck Chile on 27 February 2010 rupturing the Concepcion—Constitucion gap

at the interface of the Nazca and South America plates. The slip plaA&E8L8 S dip) ruptured for more than 100 km downdip and
extended approximately 500 km in the north—south directid®@S 2010) inducing a maximum slip of 14 m at 35 km depf).((c) The

M9.0 Tohoku earthquake struck Japan on 11 March 2011, close to the northeast coast of Honshu, Japan, where the Pacific Plate subdue
beneath the North America Plate. The slip plane (striking N3 dipping is 12 WNW) propagated 400 km along strike and 150 km in

the dip direction with a maximum slip of 24 m according to USGS. GSF and LOF stand for Great Sumatran Fault and Liquifie—Ofqui Fault
system, respectively. ISTL stands for Itoigawa—Shizuoka Tectonic Line, MTL for Median Tectonic Line, IKTL for Ishigaki-Kuga Tectonic
Line, MTB for Mino—Tanba Belt, GB for Gosaisho Belt, HB for Hida Belt

5 Discussion plates results in convergence accommodated by subduction
and the strike-slip component taken up by the Great Suma-
Sumatra, Central Chile and Japan constitute a spectrum afan Fault. The recent large intra-oceanic plate earthquakes
strain partitioning, and therefore the behaviour of their re-off Sumatra Duputel et al.2012 now appear to also take up
spective arcs may record this. The Coulomb stress transfesome strike-slip component, but the existence of the through-
analysis in Sumatra, Chile, and Japan shows that earthquakeing Great Sumatran Fault indicates significant shear stress
with strike-slip focal mechanisms were all brought closer to development along the arc. In Central Chile, where a well-
failure after each of the mega-thrust earthquakes. We recogeveloped lateral transport system is not apparent, focal
nise that stress transfer results are sensitive to many of thghechanisms of recent events confirm that considerable shear
input parameters, and the results can change with uncertairstress has developed in the arc (see @lsmbrano and Lara
ties in the slip distribution and/or the orientation or slip of the (2009 for additional focal mechanisms).
receiver faults. Nevertheless, the general behaviour of vol- Focal mechanisms are ambiguous as to which fault plane
canic arcs is consistent with the Coulomb stress transfer picfailed. In Sumatra, the likely true fault plane is subparallel
ture that emerges. Namely, a strike-slip regime is activatedo the strike of the Sumatra Fault, while in Japan there ap-
by mega-thrust earthquakes with an apparent correlation bepears to be no visible strike-slip system in the arc behind
tween the degree of strain partitioning and the number ofthe Tohoku slip zone. Central Chile, where the Maule earth-
strike-slip earthquakes. Although the time window is differ- quake occurred, is interesting because it lies to the north of
ent between the three systems (with Japan being the moshe through-going Liquifie—Ofqui Fault, and does not appear
recent event), there have been six large strike-slip events ifg exhibit a regional scale strike slip system. Tectonic set-
the Sumatran arc, two in Chile (far from the Liquifie—Ofqui tings controlled by a strong compressional component show
transform system), and one in the arc directly behind thea general diffuse distribution of volcanic centré&akamura
Tohoku rupture zone (four around the tectonically complexet al, 1977, with a direct correlation between convergence
Itoigawa—Shizuoka and Ishigaki—Kuga tectonic lines). and diffusion of the volcanic systemgialdi et al, 2010).
Geological and geophysical observations show that strairrhis is consistent with the diffuse distribution of volcanoes
partitioning is most pronounced in Sumatra where the highin Japan. In Sumatra, volcanic centres are aligned along the
obliquity of convergence between the Australian and Sunda
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M. Lupi and S. A. Miller: Short-lived tectonic switch mechanism for long-term pulses 19

Coulomb stress change (bar)

T
I
o
]
=
@
o
=
=
=
T
=
Receiver fault: A Receiver fault: A { Receiver fault:
123/62/-175. Depth 20 km, frict. 0.40 YN 123/62/-175. Depth 20 km, frict. 0.40 - Y N 123/62/-175. Depth 20 km, frict. 0.40
From the 08.05.2009 Mw 5.2 event - e o From the 08.05.2009 Mw 5.2 event ! ) From the 08.05.2009 Mw 5.2 event
6 & ) - o
3 TR (%
Lota 3 4 . A
b B - ! - 15
4 PO [ B = .
o 11
s
21 ‘ i
.g < 0.5
o |
3
=
[ 0 0
k=]
[
= |
3 20 r0.5
-1
-4l
Receiver fault: A I Receiver fault: A t Receiver fault: A 1.5
146/67/-179. Depth 15 km, frict. 0.40 - ¥ N 146/67/-179. Depth 15 km, frict. 0.40 . - &, 146/67/-179. Depth 15 km, frict. 0.40 &,
From the 01.10.2009 Mw 6.6 event h e From the 01.10.2009 Mw 6.6 event - R Y From the 01.10.2009 Mw 6.6 event h L )
- " " . " L it . V.o A 2
bar
6 Wk [& [ 2
T ' ) N
Lt a ' S LA,
7 { ! i 15
4 A ™ s a A -]
- ¥ E o . - ¥ 1)-1?3 ~ - ¢ 'y 5 1
- A S g, a C
2t ' o - ! ‘\*
,g B 1 ) 0.5
o \
% - b \J
?; 0 ‘-{ e 0
= €
>
=
E= |
o 2l 0.5
-1
4L
Receiver fault: & Receiver fault: 2 1 Receiver fault: 1.5
146/67/-179. Depth 15 km, frict. 0. Y N 146/67/-179. Depth 15 km, frict. Ay 146/67/-179. Depth 15 km, frict.
6 From the 01.10.2009 Mw 6.6 event o From the 01.10.2009 Mw 6.6 avent W S e From the 01.10.2009 Mw 6.6 event L
, . N . 3 g o i Y b i g 2
96 98 100 102 104 106 96 98 100 102 104 106 96 98 100 102 104 106 par
Longitude (degree) Longitude (degree) Longitude (degree)

Fig. 4. Coulomb stress analysis for Sumatra. The slip distributions of the events were downloadeld (20648. The first row highlights

shear stress, normal stress, and Coulomb stress induced by the 2005 earthquake while the second and third rows indicate effects of the M7.
and M8.5 2007 earthquakes, respectively. The receiver fault for the northernmost mega-thrust slip (Nias earthquake) is taken from the fault
plane solution of the M5.2 event that occurred on 8 May 2009. Depth of the event and strike, dip, and rake angles are shown in each box.
For the M7.9 and M8.5 mega-thrust earthquakes we selected the fault plane solution identified by the M6.6 event that occurred on 1 October

20009.

Great Sumatran Fault, while in southern Chile the arc isHowever, an accurate analysis shows that Chilean and Ar-
cut by the Liquifie—Ofqui transform system. The Liquifie— gentinean volcanoes may also align along apparent NW-SE
Ofqui terminates around 3% and towards the north the oriented lineaments, antithetic to the direction of the arc.

volcanic arc still runs subparallel to the subduction zone.Interestingly, these lineaments are subparallel to basement
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Fig. 6. Coulomb failure calculations of shear, normal, and Coulomb stress induced by the Tohoku—Honshu earthquake on fault plane solutions
subparallel to the strike of the volcanic arc. The receiver fault is identified by the focal mechanisms of the M5.4 event in the arc that occurred
on 11 April 2011.

NW-SE trending lineaments that have been interpreted aand at the margins of Calabrian, Caribbean and Scotia arcs
ancient deep structures reactivated as left-lateral strike-sligSchellart et al.2002 Rosenbaum et al2008. Cembrano
faults during the development of the volcanic b&€efmbrano  and Lara(2009 highlight that these lineaments can be reac-
and Lara2009. Such structures subparallel to the compres-tivated by supralithostatic magmatic pressures and our anal-
sional component of the subduction are comparable to thegsis shows that also NW-SE striking faults have been per-
regional-scale lineaments along which Italian volcanic sys-turbed by mega-thrust earthquakes (Fig.

tems align Rosenbaum et al2008. Similar structures have If the volcanoes in Central Chile are affected by strike-slip
also been identified in northern Fiji, Sulawesi, Indonesia,motion along NW-SE trending lineaments, then a conjectural
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Fig. 7. Shear, normal, and Coulomb stress analysis for Chile using the other fault plane solution of the M6.0 event that occurred on 17 June
2012 (antithetic to the direction of the volcanic arc). The depth of the event and strike, dip, and rake angles are shown the boxes. The
Coulomb analysis shows that results similar to the ones indRge obtained when using alternative fault planes. This implies that the Maule

earthquake may have perturbed also ancient fault striking at approximately’N 270

mechanism to explain their reactivation would be the “book-2004 Lupi et al, 2011). Our Coulomb study provides a first
shelf mechanism”Nlandl, 1987. According to this, shear estimate of the variations of normal and shear stresses im-
stress develops along strike-slip faults during convergenceposed by the mega-thrust slip. Such (few-bars) variations
but as the compressional stregsis reduced from slip onthe may affect the equilibrium of magmatic plumbing systems
subduction zone interface and post-seismic relaxation, deforby reducing the confining pressure on magmatic reservoirs
mation is taken up by left-lateral motion along the interfaces(Wicks et al, 2011). This can promote the pressurisation of
of the “books”. As stated iMandl (1987, “[...] when the  the magmatic chambers by volatile exsolution and initiate in-
lateral support is relaxed, the books tilt to one side and shiftflation (Druitt et al, 2012). In addition, co-seismic faulting
the plank [...]. The rotation of the books is accompanied byfurther increases the permeability of the system by creating
slip between the individual books [...]." Indeed, regions sepa-new fractures (flow paths) inducing fluid pressure cycles that
rated by the alignment of Chilean and Argentinean volcanoesnay cause important changes in physical parameters such
resemble tilted books, and faults can be reactivated by slipas seismic velocities, reflectivity, and electrical conductivity
induced static stresses. within the seismogenic zon&ipson 2009. Such coupled
From a deformation standpoint, we have shown that theand transient permeability fluid-flow behaviours are thought
reactivation of the strike-slip component in volcanic arcs isto be relevant in volcanic and hydrothermal systems, as well
a common post-seismic response to mega-thrust subductiosms in critically stressed geological environments like subduc-
zone earthquakes. Strike-slip faulting is initiated by stresstion zones (e.glngebritsen and Sanford999. They may
transfer from a slip on the subduction interface. Also, thealso contribute to the formation of gold depositggatherley
post-seismic increase of crustal hydraulic properties (due t@nd Henley2013.
reductions of the normal stress shown in Figs5, 6 and Figure 8 summarises the short-lived switch mechanism
7) promotes the development of this mechanism. The perthat we propose to explain the long-term pulse of increased
meability is strongly (e.g. exponentially) dependent on thevolcanic activity after mega-thrust earthquakes. Namely, the
effective normal stress acting on steeply dipping fracturesmega-thrust slip reduces the magnitude of the horizontal
(e.g.Sibson(1990; Rice(1992; Miller et al. (2004); Sibson  stress tensors ang becomes smaller than,.
(2007) and vertical diffusion and advection of fast-migrating
deep fluids further decrease the effective normal stress at
shallower crustal depthsSipbson 1992 Cox and Ruming
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mal stress acting on steeply dipping fractures and faults re-
Pre-seismic Compression AN duces even further, initiating a feedback of fracture, flow, and
volatile exsolution.

Coulomb stress transfer analyses for Sumatra, Japan, and
Chile all show that strike-slip faults that failed after the mega-
thrust earthquake were brought closer to failure by the main
event. Future studies and observations should focus on strike-
slip events expected to occur in theses volcanic arcs, with ef-
forts in Central Chile to determine which of the ambiguous
focal mechanism solutions is the true fault plane and which is
the auxiliary fault plane. We also expect that strike-slip fault-
ing in the arcs of Chile and Sumatra will be followed closely
by indicators of a rising magma source, including swarms,
inflation, and eruptions. Our hypothesis can be tested in a
way that includes (i) structural studies of volcanic arcs to
confirm the coexistence of strike-slip and reverse faulting
regimes; and (ii) seismic, geodetic, and geochemical net-
works to capture the expected behaviour described in this
paper.
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