Internal sources of “seismic noise”
(volcanic and tectonic low-frequency tremors)
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Outline

*Main types of observed Earth’s seismic signals
*\olcanic tremors
*Tectonic tremors

*Challenges with the interpretation



Example of seismic record: earthquake

seismic source




Example of seismic record: ambient noise
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Example of seismic record: tectonic tremor
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Example of seismic record: volcanic tremor
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Main classes of natural seismic sources

Ambient seismic noise
broadband, recorded continuously

External seismic sources

Earthquakes
broadband, less than 1% of records

Tectonic tremors

Volcanic tremors
high-frequency (> 1 Hz)
up to 50% of records
near faults and volcanoes

Low-frequency tremors — unique source of information about slow
transient processes occurring within volcanic and fault systems
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Two main classes of seismo-volcanic signals
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Volcano-tectonic earthquakes:
faulting within the solid part of volcanic edifices
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Mt. Tokachi (Japan)
From Nishimura and Iguchi, 2011

20s Low-frequency (0.5-5 Hz) seismicity:

processes within the plumbing system



Volcanic tremors reflect slow processes within
plumbing systems of volcanoes
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Volcanic tremors: examples of records
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Difference between tremors and ambient noise

from a localized source

noise

from well-distributed sources

noise
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Cross-correlations of volcanic tremors
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Arrivals appearing on cross-correlations are controlled
by the travel times between the tremor source and the stations

from Droznin et al, 2015



Cross-correlations of volcanic tremors

1

- -
- A 01.12.2012

Location of tremor sources:
1.Computing envelopes of cross-correlations
2.Introducing time shifts based on tested source location
3.Computing network response function by adding shifted envelops
4.Repeating steps 2 and 3 for all source positions

5.Finding the position maximazing the network response function

Arrivals appearing on cross-correlations are controlled
by the travel times between the tremor source and the stations

from Droznin et al, 2015




Cross-correlation network response function

Klyuchevskoy erupting Tolbachik erupting
(March 5, 2010) (December 1, 2012)
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Exploring the repetitivity of the seismic correlations:
“tremor fingerprinting”

01.20.2010-08.20.2010 : Klyuchevskoy eruption 01.20.2013-08.20.2013 : Tolbachik eruption

0 0
correlation time (s) _ correlation time (s)

from Droznin et al, 2015



Exploring the repetitivity of the seismic correlations:
“tremor fingerprinting”

01.20.2010-01.27.2010 : Klyuchevskoy eruption

0 40
correlation time (s)

Detection of activity: correlation coefficient with a reference CC waveform
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01.20.2013-01.27.2013 : Tolbachik eruption
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Principle component analysis of the ensemble
of daily cross-correlations

01.20.2010-08.20.2010 : Klyuchevskoy eruption
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01.20.2013-08.20.2013 : Tolbachik eruption
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correlation coefficient

“Tremor fingerprinting” from the results
of the Principle component analysis

01.20.2010-08.20.2010 : Klyuchevskoy eruption
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01.20.2013-08.20.2013 : Tolbachik eruption
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Exploring the repetitivity of the seismic correlations:
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Exploring the repetitivity of the seismic correlations:
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Ensemble of inter-station cross-correlations:
Network Covariance Matrix

Cross-correlation between records ui(t) and uj(t) at receivers i and j:
CC,(1) = [ ultyu,(t+)dv = iFFT|U (@)U, (@)]

t - time, w - frequency, Ui(w) and Uj(w) - Fourier transforms of u;(t) and u;(t)

Eigenvector-eigenvalue
decomposition

CM (@) = (U (@)U (@) C(F) = 2”: Al

Covariance matrix:

< > - time average : :
Eigenvector corresponding to the

maximum eigenvalue describes
the wavefield emitted by the
dominating seismic source

from Seydoux et al, 2016



Network Covariance Matrix: distribution of eigenvalues
depends on distribution of sources
Synthetic tests
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Network Covariance Matrix for the Klyuchevskoy group of volcanoes: eigenvalues
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Network Covariance Matrix: dominant eigenvector
wavefield corresponding to dominant source

Cii(F) = |S(F)|°Palre, F)P; (rj 1)
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from Soubestre et al, 2017



Network Covariance Matrix for the Klyuchevskoy group of volcanoes:
correlation coefficients between dominant eigenvectors
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Low-frequency (long-period LP) earthquakes within tremors

studied period: 01.01.2011 - 31.12.2012
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Systematic matched-filter detection of LP events

1.Analysis of continuous records at individual stations

2.Detecting impulsive events as templates for matched-filter
search

3.Detecting all multiplets of these templates

4.Stacking waveforms at all stations based on detection times
of one-station templates

5.Use stacked waveforms to locate template sources



normalized ground velocity

normalized ground velocity

Example of LP template stacks
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Volcanic LP tremors and earthquakes

1.Dominating frequencies 0.5-5 Hz
2.Sequences of highly repetitive events

Long-period volcano seismicity: its source
and use in eruption forecasting
Bernard A. Chouet

At an active volcano, long-period seismicity (with typical periods in the range 0.2-2 s) reflects
pressure fluctuations resulting from unsteady mass transport in the sub-surface plumbing
system, and hence provides a glimpse of the internal dynamics of the volcanic edifice.

5

Widely accepted interpretation: i

Seismo-volcanic LP activity is related to*[___

unsteady transport of the fluids Al

(magmatic and/or hydrothermal)
within the conduit system

15 |k

20 L




Volcanic LP earthquakes: alternative interpretations

Stick-slip motion along the margins of the magma plug

Dynamics of seismogenic volcanic
extrusion at Mount St Helens in 2004-05

Richard M. Iverson', Daniel Dzurisin', Cynthia A. Gardner', Terrence M. Gerlach’, Richard G. LaHusen',
Michael Lisowski', Jon J. Major', Stephen D. Malone?, James A. Messerich?, Seth C. Moran', John S. Pallister’,

Anthony |. Qamar?, Steven P. Schilling’ & James W. Vallance'

The 2004-05 eruption of Mount St Helens exhibited sustained, near-equilibrium behaviour characterized by relatively
steady extrusion of a solid dacite plug and nearly periodic shallow earthquakes. Here we present a diverse data set to support
our hypothesis that these earthquakes resulted from stick-slip motion along the margins of the plug as it was forced
incrementally upwards by ascending, solidifying, gas-poor magma. We formalize this hypothesis with a dynamical model
that reveals a strong analogy between behaviour of the magma-plug system and that of a variably damped oscillator.
Modelled stick-slip oscillations have properties that help constrain the balance of forces governing the earthquakes and
eruption, and they imply that magma pressure never deviated much from the steady equilibrium pressure. We infer that the
volcano was probably poised in a near-eruptive equilibrium state long before the onset of the 2004-05 eruption.
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Volcanic LP earthquakes: alternative interpretations

Long-period seismicity in the shallow volcanic
edifice formed from slow-rupture earthquakes

Christopher J. Bean'*, Louis De Barros'’, lvan Lokmer', Jean-Philippe Métaxian?, Gareth O’ Brien®
and Shane Murphy*

Forecasting of volcanic eruptions is still inadequate, despite technological advances in volcano monitoring. Improved
forecasting requires a deeper understanding of when unrest will lead to an actual eruption. Shallow, long-period seismic events
often precede volcanic eruptions and are used in forecasting. They are thought to be generated by resonance in fluid-filled
cracks or conduits, indicating the presence of near-surface magmatic fluids. Here we analyse very-high-resolution seismic
data from three active volcanoes—Mount Etna in Italy, Turrialba Volcano in Costa Rica and Ubinas Volcano in Peru—measured
between 2004 and 2009. We find that seismic resonance is dependent on the wave propagation path and that the sources for
the long-period seismic waves are composed of short pulses. We use a numerical model to show that slow-rupture failure
in unconsolidated volcanic materials can reproduce all key aspects of these observations. Therefore, contrary to current
interpretations, we suggest that short-duration long-period events are not direct indicators of fluid presence and migration,
but rather are markers of deformation in the upper volcanic edifice. We suggest that long-period volcano seismicity forms part
of the spectrum between slow-slip earthquakes and fast dynamic rupture, as has been observed in non-volcanic environments.
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*Main types of observed Earth’s seismic signals
*Volcanic tremors
*Tectonic tremors

*Challenges with the interpretation
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Normalized Ground Acceleration

Low-Frequency Earthquakes (LFE) within tremors

March 20, 2005

Frank et al.,
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Studying the Low-Frequency Earthquakes (LFE) in Mexico

Frank et al.
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Studying the Low-Frequency Earthquakes (LFE) in Mexico

_ _ _ _ _ Frank et al.
Detecting template multiplets: Multi-station multi-component correlation
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Studying the Low-Frequency Earthquakes (LFE) in Mexico

Frank et al.
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Studying the Low-Frequency Earthquakes (LFE) in Mexico

Frank et al.
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Studying the Low-Frequency Earthquakes (LFE) in Mexico
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Tectonic LF tremors and earthquakes

1.Dominating frequencies 0.5-5 Hz
2.Sequences of highly repetitive events

Widely accepted interpretation:

Seismic radiation produced by small
seismogenic asperities in deep “slow slipping”
parts of the faults



Outline

*Main types of observed Earth’s seismic signals
*Volcanic tremors
*Tectonic tremors

*Challenges with the interpretation



Source regions and possible mechanisms of
tectonic and volcanic tremors

Difference -> depth and confining pressure (except VDLP)
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Source regions and possible mechanisms of
tectonic and volcanic tremors

Difference -> depth and confining pressure (except VDLP)
*Similarity ->combination of shearing with fluid transport

Multiplet behavior -> nondestructive source mechanisms
Volcanic conduit

(Hornby et al., 2015)
Subduction zone (Angiboust et al., 2015)
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Low frequency tremors cans be used to understand
slow processes within faults and volcanoes




direct problem

Understanding Earth’s processes with
seismological observations

STUDIED PHENOMENA

!

Modeling physical processes

!

Modeling seismic radiation

!

Modeling wave propagations

|

Inferences about physical processes

I

Seismic source parameters

I

Backprojecting seismic waves

T

X owa seismograms

Inverse problem



Studying tectonic processes with earthquakes
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- fault properties

* mechanical stresses

*scaling laws INFERENCE
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Earthqguake-generated seismograms

* plate tectonics




Studying slow processes with tremors

Slow processes within Description
Volcanoes and faults of wave sources

f? I) f? Wave
propagation

Seismic source parameters

*slow slip

h h

e fluids in the faults
* magma migration INFERENCE 7 7 7 INVERSION
| || [ |

*magma degassing
* hydrothermal systems

Seismic tremor
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