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Models for E/Q Triggering of Volcanic Eruptions

» Static elastic stress/strain dilatation peturbs magma plumbing system
(Barrientos 1994).

» Walter and Amelung (2007):

How earthquakes may trigger eruptions

Unclamping

Dike formation and propagation
Volatile exsolution

Density and viscosity decrease
Bubble growth

Mingling of different magmas
Magma ascent and depressurization

» Postseismic effects from viscoelastic response of crust and mantle
compression and shear peturbations (Marzocchi et al 2002)
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E/Qs and Volcanoes of Indonesia @) Yot
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Figure 2. Time and location (longitude) of earthquakes
(circles) and eruptions (triangles).

E/Qs and Volcanoes of Indonesia — Completeness? i,
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Figure 3. (a) Cumulative numbers of earthquakes with M > 7 and (b) eruptions with VEI > 2 at volca-
noes with at least three eruptions from 1900 to 2010. The dotted lines indicate the 95% Kolmogorov-
Smimov limits.



General Test for Triggering

Marzocchi (2002): Perturbation function:

O(r :ﬁi iMoja(dij)Hi (5T, _tj)}

Significance assessed by randomization test:

Measures average stacked (over time) perturbations on volcanoes (i),
by earthquakes (j) in previous time window t

WEI of the Data Set

P Value

2+
2+
3+
3+
4+
4+

0.11
0.80
0.02
0.31
0.18
0.11

No clear evidence of any overall effect. What about individual volcanoes?



Point Process Theory

« Point process conditional intensity A(t):
« depends on the history of the (e/g-volcano) system up to time t
« probability of an eruption in a small time interval (t,t+4) is ~A(t) A

« giveneventsatt,:0<t <t,<..<t,<T,thelog likelihood is
N T
loglL = logAlt,) = [A(t)dt
n=1 0

This weighs both positive and negative evidence
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Last eruption: volume v, at time u

 Poisson process (PP), A(t) = A,
» Weibull renewal model (WRM),
At—u)=aB(t—u)*™
» Generalized time predictable model
(GTPM) 1 log(t—u)—a—pv |
_(t_u)a\/ﬁexp{—O.S{ o } }

- cD{Iog(t -u)—a —Bv}

o

At—u|v)

(Marzocchi and Zaccarelli, 2006)

» VVolume History Model (VHM)
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A(t) :exp{ o +V[pt —V(t)]} , Where V(t) is the cumulative volume erupted prior totimet (Bebbington, 2008)



Incorporating E/Q Triggering

Multiply baseline point process intensity by a triggering term:
A=A A" (1)
= )\i(B’(t){l + Z exp[—a(t —s,)—blogr, + cmj]}

jisj<t

where the jth earthquake occurs at time s;, j =1,...,J, a distance r; from
volcano i, and has magnitude m,

« Model without triggering nested
« Triggering decays exponentially with time
» Triggering decays with distance as a power law

(static stress ~r 3 , dynamic stress ~r -1.66)
Exponential increase with magnitude commensurate with increase in action
radius proportional to rupture length (Lemarchand and Grasso, 2007)
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Figure 9. Ebulobo volcano. (a) Fitted conditional intensities (nontriggered): Poisson (dotted), Weibull
renewal (dashed), and volume history (solid). (b) Fitted conditional intensity for the triggered volume
history model (note difference in vertical scale from Figure 9a); the timing of relevant earthquakes are
indicated by upward jumps. (¢) Time size (VEI) plot of eruptions.
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Improvement relative to Poisson process
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Figure 4. AIC improvement relative to the Poisson process. The solid line is the empirical (35 volca-
noes) distribution of AAIC + 2(k— 1), where & is the number of parameters in the given model and AAIC
is the difference in AIC from the Poisson process, The theoretical y7_, distribution is the dashed line, and
the dotted lines are the 95% Kolmogorov-Smimov limits.
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L Volume dependence and triggering 1o Yo,
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Figure 5. (top) AIC improvement relative to the Poisson process. The solid line is the empirical (35 vol-
canoes) distribution of A AIC + 2{k — 1), where k is the number of parameters in the given model and
AAIC is the difference in AIC from the Poisson process. The theoretical 7, distribution is the dashed
line, and the dotted lines are the 953% Kolmogorov-Smimov limits. (bottom) The same for the triggered
volume history model relative to the volume history model.
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Volume dependence and triggering — Individual VolcanoesSs s
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Figure 6. AIC improvement from incorporating volume history and then earthquake triggering. The
dotted lines indicate the 5% level of significance. The number of eruptions follows the volcano name.



Triggering Decay G e,

Remember that our basic unit of investigation is a volcano, not an eruption.

Time decay (a):
» 1 ‘instantaneous’ (Lewotobi) ~ Linde and Sacks (1998) idea of triggering
« 2 time independent (Ebulobo, Ruang) - magma system constantly in/near criticality?
» 4 slowly decaying, with half-lives from 2 (Talang) to 18 (Marapi) years
~ Walter and Amelung (2007), Watt et al (2009) triggering

Fable . Estimated Trggering Pammeters in Model (12) for
Volcanoes With Triggenng
Distance decay (b) Triggering Parameters
» 1 far field (Marapi) ~ Linde and Sacks (2002) | Volcano Name a(y7) b (fcm) e
| (e 0002 0,271
* 2 very local (Talang, Ruang) T 0351 o 3
» 4 consistent with previous results for Krakatau 0.065 1.22 0.856
SEmet 0.055 LR i) 0.234
M=7-7.9 E/Qs Ebulobo ! 1.72 262
Lewotobi 6,20 0646 0.724
» Decay slower than expected for Ruang 11! 1.2 217

dynamic/static stress.
» Major role being played by viscoelastic relaxation, or tectonic coupling between
earthquakes and eruptions?



Interpretation of Triggering — Clock Advance G e,

 In order for triggering to be recognized, we must account for the erupted-volume history
of the volcano.

Talang
0.8 T

» Size of eruption appears to be s T PP
independent of whether it was triggered. Rt

* The 2005 eruption of Talang has a spike
derived from the 2004 Sumatra —_———
earthquake (cf. Walter and Amelung, °l
2007), as do subsequent eruptions - from
the M>7 aftershocks.
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» We conclude that triggering affects 10
volcanoes that were ‘ready’ to erupt — a
form of ‘clock advance’ familiar in the
earthquake literature.
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