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Abstract. Soil and debris slides are prone to rapid and dt@nreactivation. Deformation within the instatyiliis

accommodated by sliding, whereby weak seismic éergre released through material deformation. Tipassive
microseismic monitoring provides information thatate to the slope dynamics. In this study, passii@aoseismic data
acquired at Super-Sauze (Southeastern France) aodgfben (Upper Austria) slow-moving clay-rich debslides
(“clayey landslides”) are investigated. Observaticere benchmarked to previous similar case stuttieprovide a
comprehensive and homogenized typologynfraseismic signals at clayey landslides. A well knaigle of the various
microseismic signalspetentiallytriggered generatdaly the slope deformation is crucial for the fututevelopment of
automatic detection systems to be implemented rily-aarning systems. Detectesignalsseismic-eventange from short

duration (< 2 s) quake-like signals to a wide ugrigf longer duration tremor-like radiatiofis 2 s — several minfComplex

seismic velocity structuredpw gquantity andlow-quality of available sighal onsets and non-optimal seismic network

geometry severely impedes the source location proee thus rendering source processes charactenzetallenging.
Therefore, we constrain sources location usingptbeninent waveform attenuation pattern characteridtnearsource area

(< =about50 m) landslide-induced micseismic events. A local magnitude sc@ié.)-for clayey landslidegM,..s) is

empirically calibrated using calibration shots drmmer blows data. The derived .M sealereturns landslidénduced
microseismicity rates that correlate-generalpositivelyith higher displacement rates. However, high terapand spatial
resolution analyses of the landslide dynamics atdiogy are required to better decipher the padémelations linking

landslide-inducednicraseismic signals to landslide deformation.

1 Introduction

Slow-moving soil and debris slides (Hungr et aD12) developed in tectonised marl formations araratterized by
seasonal dynamics as well as by sudden (geneeatifall triggered) reactivation and liquefactionagks (e.g. Malet et al.,
2005). The slow deformation of soil and debris edids expected to generate elastic accumulationrapitire whereby
seismic energy will be released within the landslizbdy. Therefore, passive seismic monitoring goad approach to

monitor and mitigate slope instabilities sinceribyaides high temporal resolution data (sample rapeto 1000 Hz) in near
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real-time that relate to the dynamics of the laid@sIThe transition from steady-state sliding t@jpid transformation of the
landslide in a debris flow may be detected andesfagure anticipated.

Seismic investigations of natural and artificiads instabilities started in the 1960’s with ac@usmission (AE: 10-000
kHz) (e.g. Beard, 1961; Cadman and Goodman, 19@¥chland Miller Russell J., 1987) and have beemmlemented
during the last decades by an increasing numbgras$ivemicraoseismic monitoring studies (1@D0 Hz), carried out in
various geological context. The shear boundarieshef Slumgullion earthflow in Colorado were firstvestigated by
Gomberg et al. (1995) ass&rike-slipfault zone analog. The study confirmed the existesfcdetectable brittle deformation
processes associated to the slide deformationutof®, investigated clayey landslides include teiHoes slope in the
Austrian Vorarlberg Alps (Walter and Joswig, 200&alter et al., 2011), the Super-Sauze landslideghia French
Southwestern Alps (Walter and Joswig, 2009; Wadteal., 2012; Tonnellier et al., 2013; Provost ket 2017) and the
Valoria landslide in the Northern Apennines inytéronnellier et al., 2013). Case studies carrigtad rockslides include
for example the Randa rockslide in the Swiss Alpsefhardt et al., 2004; Spillmann et al., 2007%; Aknes rockslide in
Norway (Roth et al., 2005; Fischer et al., 2014¢ Séchilienne rockslide in the Southeastern Frémgs (Helmstetter and
Garambois, 2010; Lacroix and Helmstetter, 2011)l &ne Gradenbach, Hochmais-Atemskopf and Niedenigd-
Matekopf deep-seated rock slope deformations inBastern Austrian Alps (Briickl and Mertl, 2006; Mend Brickl,
2007; Bruckl et al., 2013).

Observed near (receiver-source distances < 0.5-1 rkitroseismic signals comprise miearthquakelike events, for
which Gomberg et al. (1995) introduce the ternd&stjuake’. Such events have been reported botlthtarad debris slides
and are inferred to be associated to fracture gem==in the host rock, at the sliding surface, ithinvthe landslide body.
Rockfalls androck-avalanches signals were also characterized at steleps slides and at rockslides (Helmstetter and
Garambois, 2010; Walter et al., 2012; Tonnellieaket 2013; Provost et al., 2017). In addition, idewariety of tremor
signals have been reported marginally (Gomberd ,e1295; Brickl and Mertl, 2006; Mertl and BricRQ07; Spillmann et
al., 2007; Gomberg et al., 2011; Walter et al.,200onnellier et al., 2013; Provost et al., 20IN9. common typology has
yet been suggested for these signals and the signate interpretation remains speculative.

This study aims at proposing a classificatiomoroseismic signal types observed at slow-moving clely-debris slides

(“clayey landslides”) based on simple waveform apéctral attributes of the signals and usimgroseismic observations

reported by similar case studies as a benchn&tdadard seismological approaches to source local@wive minimum

uncertainties of + 50 m for near-source area maismsic events at clayey landslides (d.gnnellier et al., 2013 Therefore,

Wwaveform attenuation patterns of natural events weee used to constrain the receiver-source distahmear-source

—(1)

area landslide-induced microseismic eveis
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ThereforeWith the ainto reduce bias and errors in the estimatiofanfislide-induced micseismicity rates, the distance

attenuation function of thit_-local magnitudescale wasghen calibrated for clayey landslides using calibrat&hots and
hammer blow datasets

distanee-Microseismic_observations were gathered in a cohsmsive catalog. The final catalog of landslidediced

microseismic signals provides an initial microsasssignals library to train automatic detection arassification systems

as well as an important basis for a multidiscipin@omparative analysis with other landslides obs#ons such as

displacement, cracks and fissures development, yairometeorological data to gain knowledge aboutdstide

2 Data

Seismic measurements were acquired at two welltimstnted slopes: The Super-Sauze (Southwestermch-islps) and
Pechgraben (Upper Austria) landslidésg. 1a-b) Both instabilities are characterized by a clajrrmatrix transporting
rigid boulders of marls and limestones (includieftdvers and remains of vegetation at Pechgrabéh) moving rates
ranging between a few mdt-up to several tenths of cdtper dayin the investigated areas and periods (Eid.c-d. In the
monitored areas, the thickness of the instabiégches more than 10 m at Super-Sauze, but do ce¢@xa few meters (2-4
m) at Pechgraben. More details about the two lahelsican be found in Malet (2003); Travelletti (2R1Tonnellier et al.
(2013) for Super-Sauze and Lindner et al. (201#)clher et al. (2016) for Pechgraben.
Continuous data of three seismic campaigmswerdanvestigated (Fig. 1):
- Super-Sauze 2010 (SZ10May 28-July 24, 2010; 58 days; 18 sensors in;2atiarage displacement 6f4 mm
cmd?, obtained by daily dGNSS (differential global rgation satellite system) measurements
- Pechgraben 2015 (PG15)October 7-15, 2015; 9 days; 12 sensors in 6 watage displacement of 2 cm'.d
obtained by weekly dGNSS measurements
- Pechgraben 2016 (PG16November 8-12, 2016; 5 days; 12 sensors in hWmarage displacement sfmore than
20 cm d*, estimated by triangulation, using grids of fixeails both on the stable and on the active patheftlide

and daily photo-monitoring

Tripartite seismic arrays were deployed with statpacing of 5-50 niFig. 1c-d) Each seismic array consists of a central
three-component (3-C) short-period seismometerrfagm 3Dlite) which is surrounded by three to sixtical short-period
seismometers (Lennartz 1Dlite). The seismometersbaried about 30 cm deep in the landslide mateDataare were
collected by battery powered SUMMIT M Hydra datgders. At Super-Sauze, the array S3 consists offfdgédgé&odagis

3



10

15

20

25

30

velocimeters (one 3-C and six verticals) with agged bandpass of 0.1-80 Hz, connected to ahk&n Agé&odagis
acquisition system powered by solar panels. Thiayais part of a permanent monitoring installatidfational French
Landslide Observatory Facility and RESIF Datacer?806). The seismometers feature therefore a tobsisllation and
are housed in plastic drums on top of a concrate ¢l comparison of the data collected by the diffié installation systems
proved consistent: identical waveforms featurinmgilsir amplitudes are observed foicroseismic events recorded at the co-
located stations S1.5, S2.6 and S34 i

lecation—nMN significant differencen terms of waveform scatteringas found for signals recorded by stations instalh

the more stable areas. Due to the relatively laqgerture (30-50 m) of the PG15 seismic arrays, nr@afsource area

microseismicevents were recorded by less than three sensorseGoently, a denseeismicnetwork configuration was

designed for the PG16 campaign. Inherent diffiesltdf operating systems continuously on landslidsslted inpartially

incomplete datasets (Fig. 1e). This aspect mustamsideredn-thewhenevaluathgen-efthe completeness of landslide-
induced micrseismic catalogsempleteness

3 Method

Data were analyzed following théNanoseismic Monitoring” methodology using the NanoseismicSuite softwaaiekpge
developed at the Institute for Geophysics of thévehsity of Stuttgart (Wust-Bloch and Joswig, 2006swig, 2008; Sick et
al., 2012; Vouillamoz et al., 2016). The methodsigpported by a realtime, analyst-guided interactivdti-parameter
visualization approach. First, signals are ideadifiby visual screening of continuous sonogram, lsmograms are

logarithmically scaled spectrograms featuring aadgit frequency-dependent noise adaptafidre enhanced visualization

of sonograms has unmatched power-to facititate the detectioand recognitiorof various type ofveak signal energies in

low-SNR (signal-to-noise ratio) conditiomgthout a-priori knowledg€Joswig, 1990; Sick et al., 2012; Vouillamoz et al.

2016). The SonoView module of the NanoseismicSsititware provides a dynamic layout, where singiedrsonograms

or multi-trace (array-stacked) super-sonograms/selized on a common time lingith up to several hours in one laptop

screen Different resampling can be applied to the dédailitating the focus on various event types ($tammg duration,
low/high frequency). Detected events are taggedsgndhronized in the linked HypoLine module of Hudtware suite for
further evaluation. There, waveforms are analyzedractively to provide an optimized graphical hggotral solution

Data can besimultaneouslyprocessing_processeddaita network and array modedaking advantage of the tripartite

configuration of the seismic mini-arrag@ee Joswig (2008) and Vouillamoz et al. (2018)af@omprehensive description of

the HypoLine software). The strength of the metl®dts ability to easily detect and successfullaleate any kind of
signals without a-priori knowledge in noisy envinoent. The drawback is that the process is not aatkexn It is therefore

time-consuming and not well-suited for large data§eears) Results may also not be reproducible to 100 %.
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Much attention was paid to design a comprehensatabdse gathering all microseismic_signals obsebsegassive

microseismic monitoring on active debris slid€entinuous sonograms of the three seismic datéS&tk0, PG15, PG16)

were visually screenedn SonoView. To avoid false noise detection, sgeaitention was paid when screening day-time

hropogenic

measurements contaminated

noise caused by geophysicists or geotechnical workg-the-day)carried out on the slo@nly signals recorded coherently

by three sensors at least weansidered as a detection. Each detection wasgiieked-ferevaluatoned individually and

interactivelyin HypoLine_where phases information were picked, and baékdh and apparent wave-front velocities

calculated

ion, Thamveform and spectral featurestioé- all

signak were-evaluated—gualitativelyinHypoline—and by anatyzpuantitativelyusing MATAB® routines: (1)For each

event,-Adl vertical trace seismograms of the seismic nekweere visualized on a common time-line with noraed and

non-normalized amplitudes, using a set of pre-éefitime windows (5, 10, 30, 60 and 120 s). The tdenation, the
signals coherency arile waveformattenuation pattern across the seismic network wkeeked(2) Traces on which the
signal of interest is contaminated by noise andesahat did not record the event were tagged &udmied from further

analysis. 23) For each trace that recorded the eventnthelogarithmicspectrogram, the unfiltered waveform and a series

of selected bangassed waveforms were plotted and evaluat&$.The amplitude spectrum (FFT, fast Fourier transjorm

was calculated to estimate the dominant frequetyent of the S|qnals—l=ast—fer—these—events—tmaguwaekable—wave

processing-module-of the Hypoline-software.Potétaiadslide-induced microseismic events were finalassified

We consideing the following waveform and spectral featufesthe-classification
- Signal duration in seconds Signals are classified in three duration classlesrt duration (< 2 s); medium duration
(2-20 s); and long duration signals (minutes).
- Waveform attenuation pattern. The signals of landslide-inducedcroseismic sources are expected to be severely

attenuatedbecause of their source proximity and their pogapi@n through heterogenous clay-rich soils of masi

water saturation (e.cAki and Richards, 2002; Koerner et al., 1980nly those events featuring prominent and

consistent attenuation of the signal maximum amqié across the seismic network are considered as fjrdten
landslideinducedby the landslide dynamics

- Signal onset Rather impulsive, broadband onsets are distihgdisrom emergent onsets.




- Dominant frequency. Thewaveforms and thdistribution of the dominant energies at individatdtion records

areevaluated in five frequency bands: 1-5; 5-20; 2088100 and 100-200 HZhe existence of signal content in
higher bandpassed waveforms provides an additiol@ about landslide-induced microseismic eveniscs

proximity.
5 - Apparent velocity of trackable wave packets Well-constrained apparent velocities (computed dyay-

processing for wave packets showing at least fages with correlation thresholds > 70 %) rangenfiess than
0.2 km &' to more than 5.0 kms We distinguish three classes of apparent velscitk 0.5 km'$ (top most
volume of the landslide body); 0.5-2.0 krh @andslide body); >2.0 km s' (sedimentary bedrock), in agreement
with published velocity profiles at clayey landg€l&g(Williams and Pratt, 1996; Tonnellier et al.12pD
10 Based on these features and using previous st(@msberg et al., 1995; Walter and Joswig, 200892@bmberg et al.,
2011; Walter et al., 2012; Tonnellier et al., 20P3pvost et al., 20173s a benchmarknicroseismic events detected at
clayey landslides are gatheredémi-threemain groups that we describe and discuss in thesgetion:
1. Earthquakes (local, regional and teleseismic).

2. Quakes (receiver-source distance < 50-500 m).

15 3. Tremors [andslide-induced tremdike signalsand external sources of tremor-like radiations).
de—=soennlesmreno e e i msin oS,

4 Unified microseismic signals typology at clayey landslides

To help the reader in the comparison of the differmicroseismic signals, we apply the layout of ufeg 2 for all

representative events of the classification (wloeng vertical traces are presented):

20 a. Displays the signal sonografdoswig, 1990)up to the Nyquist frequency with a logarithmic inate,

which corresponds to 1.95-250 Hz for Pechgrabea datl to 3.91-500 Hz for Super-Sauze data. Darker

colors indicate higher relative energies.

b. Shows the non-logarithmic spectrogram of the sigwéh an ordinate up to 250 Hz. The time-window is

taken as the signal length divided by 30 and anlapeof 90 % was applied. Red colors indicate highe

25 energies. Both the MATLAB spectrogram code and colormap were provided byn&hé Hibert, of the

EOST (Ecole et Observatoire des Sciences de l&) &tniversity of Strasbourg, France.

c. Displays the unfiltered seismogram with maximumadinte 0-to-peak amplitude indicated above the trace

in nm s,

d. Provides a selection of bandpassed waveforms ig'nfiltered from bottom to top between 1-5, 5-20; 20

30 50, 50-100 and 100-200 Hz using a second ordereBumith filter. Maximum absolute O-to-peak

amplitudes are indicated in nm above each respective trace.
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e. Provides the amplitude spectrum in nnt'Hzomputed by FFT for the time window indicatedtbg red

bar in (d).

4.1 Earthquakes (local, regional and teleseismic)

Local, regional and teleseismic earthquakes amectit daily by seismic networks. Because earthaqualepotential trigger
of landslides, it is important térclude- catalogughese eventsn—landslides—seismicity—catalagSeismic features of
earthquakes are well known from routine seismogaaalysis. At clayey landslides, earthquakes prodnedium to long
duration signals that are recorded with similar ktenges across the completeismicnetwork. The duration and strength of
an earthquake signal as well as its frequency obntary as a function of source distance and madait Sharp and
broadband distribution of initial frequency contésittypically followed by a decrease in frequenontent of the signal

energy with successive phase onssetsulting in a typical triangular-shaped sonognaattern for earthquake®©nsets of

high-SNR events are impulsive. Individual phaseth wioderate scattering can be identified and reapmarent velocities
above 2.0 km'$(Table 1, Fig. 2).

4.2 Quakes
4.2.1 Previous observations

Quake signals have been observed in previous stedigied out at clayey landslides. Gomberg et1895) and Gomberg
et al. (2011) report short-duration earthquake-$ilgnals with clearly discernable, trackable wave packietd they refer as
slidequakes. Dominant frequencies of slidequakesat stated, but can be evaluated visually betvi@eend 100 Hz based
on the waveforms displayed in Figure 5 and Figuod Gomberg et al. (2011). Walter et al. (2012)ctibe earthquake-like
events with duration of up to 5 seconds and aswatisequency content of 10-80 Hz, which they refeislidequakes after
Gomberg et al. (1995). Tonnellier et al. (2013) &ndvost et al. (2017) report quake-like signalhwluration of about one

second, dominant frequencies around 10 Hz, emefigstnarrivals and undistinguishable P- and S-veave

4.2.2 Updated classification of quake signals

Based orduration;waveform attenuation patterand dominant frequency conteahd duratiorof the signals, we propose

four types of quake eventghich represent a continuum between very nearegoarea quake events recorded only at a few

nearby stations to local micro-quake events reabmimsistently across the complete seismic netbakle 1 Fable-1Fig.
3 and Fig. 4).

- Type | — Near high-frequency quakesSignals show durations of less than 1 s and armerded only at a few

nearby stations, suggestingceiver-source—distances—<—=50 ma nearby so(Fie 3a). The range of signal
amplitudes reaches several orders of amplitude (Rig. 3e). Maximunabsoluteamplitudes of about 10,000 nm s

L were observed. High-SNR signals feature impulsiveets. Dominant frequencies of the highest anggituaces



are in the 20-100 Hz rangepectrogram, bandpassed waveforms and amplitudgrspein Fig. 4a). P- and S-

phases cannot be clearly distinguished; howevercessive phases may be identified based on thereagpa
velocity of trackable wave packets that scale with2-1.8 km 3-{laterphases-are-slower)
- Type Il — Near low-frequency quakes Signals have duration of 1-2 s and are recorgethd completeseismic
5 network with amplitudes also ranging within a fesd@rs of amplitude units and suggesting a nearhyced¢<=50
m)-(Fig. 3b and3e). Maximum amplitudes of a few 10,000 nrhwwere observed. Dominant frequencies of the

highest amplitude signals stay typically in the(®¥5z range(spectrogram, bandpassed waveforms and amplitude

spectrum in Fig. 4b and 4e, lower pandlhe signals consist of prominent and scatterefhce waves that can be

tracked over theseismic network. P- and S-phases cannot be clearly digshgd, but successive phases can

10 eventually be discriminated based on the appareluicity of trackable wave packets that range withiR-1.8
km sZ.
- Type lll - Moderate distance quakes Signals last 1.5-2.5 s and are recorded by theptzie seismicnetwork

with consistent amplitudes across the compdeiemicnetwork suggestingeeeiver-sodrce-distances-of-up-toa few

100-ma source outside of the seismic netwiig. 3c ande). Most events feature low amplitudes and arerdszb

15 just above the noise threshold (100-500 nth Bominant frequencies are in the 5-50 Hz range vieak signal

energies are typically found within 50-100 Hz a tinset of the eventsgectrogram, bandpassed waveforms and

amplitude spectrum ifig. 4c). Apparent velocities of scattered wavekpés are typically higher than 1.5 km. s

P- and S-phases are difficult to identify.
- Type IV - Local mieroearthmicro-quakes Signals have duration of 2-10 s and are recotglethe complete
20 seismicnetwork with similar amplitudes (Fig. 3d-e). Sucsies phases can be tracked consistently ovesdlsnic

network with apparent velocitgbove2-.0ranging within 2.0-5Km s'. Dominant frequencies are in the 5-50 Hz

{Fig—4d)but signal onsets generally display energies in5fd. 00 Hz(spectrogram, bandpassed waveforms and
amplitude spectrum in Fig. 4dp- and S-phasese-difficulican be-tadentifysied.
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4.3 Tremor signals

4.3.1 Previous observations

Various tremor-like signals were observed at clal-instabilities. Gomberg et al. (1995) and Gomgbetral. (2011) report
episodes of tremor-like radiation and sinusoidavefarms lasting tens of minutes and coherent adtesseismicnetwork

which they infer as ETS (episodic tremor and stipalog of strike-slip faultsA deeper analysis showed that many of these

signals feature gliding spectral lines above 50-H20in the spectrogram. Although gliding frequenmors are known
under 20 Hz at volcanoes and inferred to image ghan the source propertig€s.g. Hotovec et al., 2013; Unglert and

Jellinek, 2015; Eibl et al., 201&nd references therejmjliding harmonics are also characteristic of emwnental noise

signals produced by moving vehicles such as aigdaor helicopterse(g. Biescas et al., 2003; van Herwijnen and
Schweizer, 2011; Eibl et al., 2015; Eibl et al.12p There, the gliding harmonics correspond toRbepler shift produced
by a moving source passing a stationary receivérSlimgullion landslide, Gomberg et al. (2011) iptet gliding
frequency tremors in the 50-100 Hz rangdragered generately the action of moving vehicles along a distaewésal

km) road-and-speculate-that-the saturated-state-of thuslide—may-fa e e e

distancesHowever, a slide-generated source (slow rupturéaolts or materials entrained within the faulteelitrees or
boulders, or slow basal slip) is not excluded ferrtor-like radiation devoid of gliding frequencydafeaturing the highest
amplitudes at theeismicnetwork most remote location from the road. The@nts last several minutes and show dominant
energies distributed broadly above 30-50 Hz andrdéining toward the Nyquist at 125 Hz (Gomberglgt2011).

At Super-Sauze and Valoria landslides, tremor-Bkgnals lacking clear onsets and with undistingalidé phases were
observed with duration of a few seconds to terseabnds (Walter et al., 2012; Tonnellier et al12Provost et al., 2017).
Spiky, cascading signals are interpreted as rdskfalich events feature repeated jolts in the 1B3€hat correspond to the
rockfall impacts, as well as a ‘noise band’ in 8&130 Hz range, likely generated by fine-grain emiat flows. These
events are normally well recorded across the camgleismic network, with moderate waveform atteionaand maximum
amplitudes reaching 1,000-10,000 nt Bligh-frequency tremor-like signals with duratiofiless than 20 s and maximum
amplitudes under 10,000 nrm,Seaturing drastic waveform attenuation and thecorded only partially across tleismic
network were also observed (Walter et al., 2012nBdlier et al., 2013). Walter et al. (2012) showleat the occurrence rate
of these signals correlates well with the measurgsnef an extensometer installed about a fissudecariocated with a 1-C
seismometer at Super-Sauze, July 2009. They coedltitat such signals must be triggered by fissarmdtions at the
surface of the landslide, but also consider schagchnd grinding of landslide material against (egimeg) hard rock crests

as potential source.
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4.31-2Updated classification of tremor signals

As in previous studies, a wide range of tremor-kignals were recorded at SZ10, PG15 and PG16.uvteduration (<

20 s) events are distinguished from long duratiomute-long lasting sequences of tremor-like radiet. While medium

duration events feature trackable wave packetsistong of spikes or jolts, minute-long lasting seqoes are characterized

by sinusoidal waveforms and gentle rumbles, thatdifficult to track coherently across teeismicnetwork. Due to the

general waveform intricacy and the wide range afepbed dominant frequency, finding an unequivotasification for

tremor events is difficult. Based on the literatamed searching for consistent observations at SPGL5 and PG16 we

propose the following typology of tremor events, end landslide-induced tremor-like signals are dggtished from

external sources of tremor-like radiations. Amolng fandslide-induced events, signals potentiallyegated by deformation

and stick-slip within the landslide body are sefmtawhen possible, from tremor-like signals oraging from exogenous

landslide dynamics such as rockfalls or small defflows. Anthropogenic noises can share similarities in \i@we

amplitudes and in spectral content with landslitduiced tremor signals. It is therefore importangam knowledge about

the characteristics of such events for the mamlaaitomatic detection of landslide-induced tresignals.

ETS-like signals{episedictremor—and-slip) Microseismic signals showing similarities BT Slike signalsat

strike-slip faults were observed. ETS-like sigratislebris slides are emergent and cigar-shdpstla few seconds

and are strongly attenuated across ghsmicnetwork (Fig. 5b and 5d, top panelPbominant frequency of the
highest amplitude signals range within 5-50 Kpegctrogram, bandpassed waveforms and amplitudgrspein
Fig—5-andFig. 6aand 6d, top panglMaximum observedbsoluteamplitudes reach some 10,000 iy lsowever,

most events show amplitudes no higher than a fe@+11@M0 nm &. Phases cannot be identified, instead, the
waveforms feature repeating and intricated spikgslts with prominent scattering. Individual wagackets which
can be tracked return apparent velocity below 2nGsk

Confirmed rockfall events. Signals generated by rockfalls resemble ETS-ligaals Comparerig. 5o and 5d with

and Fig. @ and 6d, top panel The impacts of falling blocks produce spikesjats in the waveforms; loose

material saltation and flow combined to the movaigracter of the source increase waveform intric&gnal
duration and dominant frequency, as well as wawvefattenuation pattern vary significantly dependamgthe size
of the rockfall event and its distance to the rdoay seismicnetwork. Apparent velocities derived for individual

impact signals remain below 2.0 knh 8ecause rockfalls are exogeniotential source areas are known from field

observations. In addition,hé signal source can eventually be caught by fiblslervations or remote sensing. At
SZ710, one=FS-likelandslide-induced tremor sighral-eveould be matched with a single-marl block failenent

caught in a high-repetition rate UAV imagery (unmed aerial vehicle) and optical ground-based images
(Rothmund et al., 2017%i i i i
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Harmonic tremors. Signals lasting a few seconds and consisting ahbaic peaks were observed at SZ10, PG15
and PG16 (Fig. & 5candFig—6c¢). The main harmonic is generally found around 8-1Q fdiowed by several

multiples of lower energies (Fig. 6¢, amplitudepem). Maximum absoluteamplitudes do not exceed a few 100-

1,000 nm &, and most signals lie barely above the noise timlds At SZ10, harmonic tremors were observed only
at single sensors. At Pechgrabeach-eventsharmonic tremonere detected with various waveform attenuation
pattern across the seismic network, suggestinghaunaue source location origin for these signBkscause of the

harmonics, apparent velocities are difficult toccddte. For high-SNR signals, apparent velocitigsudated with

the first arrivals derived velocities of less tHaid km st AtPG15-hkrmonic tremors occur typically in minute-
de

long lasting sequences, alternating with ETS-liignals (Fig. 4a-c)

Dispersive tremors.Several instances of long duration (few minutespéisive tremor-like signals were detected
at SZ10, PG15 and PGL16. Due to the dispersive ctaaraf the signals, the waveforms and spectrogifeaisire
important variations from one station to anothendering the events difficult to dete@tig—~) At-thenearest

ations-the-sighals-feature-high-amplitude-ihdizset {several- 10,000-nrt)s-The Figure 7a shows an example of
a dispersive tremor well recorded across the seisiiwork at SZ10. The high amplitudes (> 20,000sAinand

dominant frequency content above 50 Hz (see spgetmm bandpassed waveforms and amplitude speciriiy i

7a, top panel) at station S3.7 suggest a sourgaariose to that statiohen,with increasing distance to the most

probable source area (see receiver-source distamtieations above the sonograms in Fig. Tia, signals show

prominent dispersion and waveform attenuatioith—increasing—distance—to—the—sourdgpparent velocities

calculated at the signal onset range within 0.3kin5s?, close to the velocity of sound in the air or wdies in the

top most layer of the landslide (eonnellier et al., 2013 The -Temporal evolution of the dominant frequency

content of the signalsvell observed in the spectrograms of Figure Zosiparable to signals produced by snow

avalanches (e.diescas et al., 2003r by persons walking about the seismic netwsgde¢trogram in Fig. 8a) and
thereforesuggest a moving source. Animals can be excludddgeod certainty since signals triggered by atéma
likehy-show spikier patterns, comparable to human foatst€m. &; Fig. %). Theinferred source area of these
events is difficult to access at Super-Sauze atr@mely marshy at Pechgraben. No animals or artirme¢s could

be observed there in day time. Debris flows wergeoled neither in the field nor in daily ground-édand UAV
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-——External sources ofmicroseismic noise and tremor-like radiationsShallow installations of the seismometers in

clayey materials result in important noise contaation of the seismograms, especially in the higlydiency range
(> 50 Hz). The variety of events produced by exesource of noise is large. Signals range fronrtsioolong
durations, onsets are usually emergent but shasgt®ran be found for nearby sources. In commaii gignals is
the absence of identifiable successive phasesvithil wave packets are difficult if not impossilitetrack.Thus,

apparent velocities cannot be calculatddximum waveform amplitudes can be high (severadQ@-100,000 nm

s1) and waveform attenuation patterns are ambiguous.
A-seleetion-ofThe most common microseisraignals produced by external source of néésarepresented in
Figures 8and-Figure9. Loeal Nearby(< 50-100 m) moving source such as geophysicistkingaabout the stations

produce long duration spiky tremor radiations (). Typical of such local moving source is thamde towards

higher frequency of the dominant energies of thpnali as the source (the person walking) is appiogctine
recording station and the change towards lowerufgaqy content of the dominant energies of the sigaahe
source is getting further awagqnogram and spectrogram Rig 8a-senogram-and-spectrogram-pajelistant
moving source such as airplanes and vehicles passing on neadysy produce long duration cigar-shaped
seismogramsHig. 7b,-Fig:8b andFig. 9¢) and spectrograms with typical gliding harmernitthe 50-200 Hz range.

-Beside anthropological noises, many

environmental sources of noise were recorded butdcoot necessarily be distinguished in the absesice
additional data at SZ10, PG15, and PG16. Wind burainfall and storms as well as water streamstesatioad
transports all produce long duration tremor-likeiations. These events illuminate either severdjdencies or
only specific ones in the spectrograms (see alegd2t et al., 2017). However, the spectrogramskealy devoid
of gliding harmonics (Fig. 8c-d). Maximum amplitsdean reach several 1,000 nrhand waveform attenuation

pattern across theeismicnetwork isusuaty typicallyincoherent (Fig. 9d).

5 MicroSseismic source characterization
5.1 Source location

Seismic_velocities and source location quality dsn estimated and verified by calibration shots amimer blows.

Calibration shots and hammer blows were carriedad\8710 and PG16 and could be located with aveaagaracies of
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about £ 50 m, when using all available first arlsvand back azimuth information with a half-spaedogity model. Our

results concur with previous results by Tonnelkgéral. (2013) at Super-Sauze landslide, where taioges of 40-60 m

where estimated for calibration shots carried oithin the seismic network. It is worth mentionirtat this corresponds to

the size of the seismic network and scales withldheslide itself. Thus, even if the seismic netwis dense;-ldcating

landslide-induced micseismic sources in clayey landslidesd discriminating between a source originated iwithr

outside the landslide bodg challenging: (1) The velocity structures shawpertant drastiovariations in short distances

(complex material mélange, topographgind also evolves with time (slope deformation, hydrologicthte). Velocity
models are thus only approximated by tomographétyais for a specific time (Fig. 10a-b). (2) Scattg and attenuation of
the waveforms result in low-SNR onsetsd-complex-signal-codahere phases are difficult (if not impossible)identify.

(3) Theseismicnetwork geometry relative to the source is in rfostura} cases not optima{4) With an average station

spacing of 5-50 m, as it is the case in our studgst landslide-induced microseismic_events showmwoe than four

unambiguous phase information.

We usel HypoLine (see Section 3) imulate andinalyze graphically the contribution of these patars on the epicentral

location solutions of calibration shots (SISSY,sBac Source Impulse Systefmttp://www.liag-hannover.de/s/s1/allsissy
last accessed September 13, 2017) at SZ10 (Fig.Thoge layeredr velocity models simplified from Tonnellier et al.
(2013) featuring both higher and lower velocity tasts between the landslide material and the ssdamy host rock are
tested (Fig. 10a-b; Table 2). For each pair ot fgivals, the time-reversal hyperboles (hypoljn@&® computed at depth
zero. To image the weight of phase uncertaintietherepicenter solutions, all hypolines are alsmmated for two shifted
values of the first arrival by + five samples (Fitoc). An epicenter solution is found at the highesncentration of
hyperboles intersections (see Joswig, 2008 andlmoz et al., 2016 for details). The exerciseadmied out for the three
velocity models and the resulting epicenter sohgiare analyzed for different station combinatidrse Figure 10d shows
the results obtained when using first arrivalstaf three seismic arrays individually. The outcomiethis analysis can be
summarized as follow:
- The applied velocity model has low impact on thé&epmiral solution (few meters) within the considkgation
network or in small distances. However, outsidéhefseismic network, solutions diverge significantl
- Five samples (¥) uncertainties at 1,000 Hz corradpim a high-quality phase onset pick in routgethquake
catalogs (e.g. Diehl et al., 2009). Such high-dquadhase onsets derive consistent solutions withénconsidered
station network but the solutions also diverge ificamtly outside of the considered seismic network
- First arrivals of natural sources are of lower dyahan those of calibration shots (Fig. 10c). leswuality onsets

have an important impact on the epicentral solstiéi + 20 samples (+ 0.02 s), no more mathematicatemnt

solution is found-

- The seismicnetwork geometry relative to the source has thet migmificant influence on the location solution.

Whereas the epicenter is resolved with uncertaingieabout 20 m when using a set of stations sodiog the
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calibration shot (Fig. 10d, central panel), theeptial location solutions are biased by 50 m andemiehen using a
station network that do not surround the sourcg. (Fdd, left and right panels).

- First arrivals at stations in tripartite configuaais derive three zones of high-density hyperboltsrsections that
cannot be discriminated without additional consiissuch as back azimuth information (beam-prooggsi

data

- Complex velocity structures and resulting waveforstattering impedes array-processing and back aaimu

information can be significantly biased. The caliion datasets at Super-Sauze and Pechgraben derive

uncertainties in the order of one quadrant (+ 46fwell constrained beams (using high correlatiatues of four

and more coherent waveform spikds)y source located at 50-100 m outside of thensie mini-array

- Sources originated within the seismic network meincoherent array-processing and back azimuth data
Thus, it can be concluded that approximation in ¥e&city model, low-quality first arrivals and naptimal seismic
network geometry at clayey landslides result iruradtsource location uncertainties ranging fronstehmeters for sources
originated within theseismic network to hundreds of meters for sources origthat@tside of theseismic network.

Consequently, the risk of including biased dataniaps of landslide-induced migeismicity and landslide-induced

microseismicity rates-map high -

5.2 Waveform attenuation pattern to estimate sourcgroximity

Because of the high uncertainties returned by st@hdeismological approaches to event locatiohe Hrastic attenuation

of waveformsobservedwithin the landslide bodis-wasused toevaluate constraithe source proximity ofiear-source area

landslide-inducednicroseismiceventsto be used in the calculation of events local ntade. Distance attenuation data of

SISSY calibration shots and hammer blows at Super-Sandd?achgraben show that signals are strongly ateduwwithin

the first 50 m. The water content of the landskaaterial influences the waveform attenuation: dgjae less attenuated

when dryer conditions prevail (Fig. 11a). This afation is consistent with laboratory experimerdasy( Koerner et al.,

200 % isconsidered-as—uncertain. To guantify theeform attenuation pattern of an event, we usestiagter about the

median amplitude, S, which we compute for eachetthat recorded the signal (Eq. (1)):

Asta—Med (Astq)
===4 o % 0,
S Med(Asrg) 100 % (1)

where A is the station maximum absolute vertical trace lgoge of the signal in nni’sand Med(A:,) is the median value

of all Astawhere the signal was recorded. S values computedh®o calibration dataset of Figure 1la show atidras
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diminution with increasing receiver-source distan@€ig. 11b). Based on these observation, we usénma S values of

landslide-induced microseismic events to approx@maceiver-source distances. We infer S valuesehitiran 200 % to

correspond to receiver-source distance of lessdbant 50 m. This is consistent with the observatimt local and regional

earthquake never return S values above 200 %. Allemdistances, we selected thresholds (in _arntrarpi but very

conservative way) of 1,000 % and 2,000 % to coordpespectively to receiver-source distances ofisB0 m and 10 m

from the recording station. The source distanceatfiral events for which S values remain below 208 considered as

uncertain Among the inferred landslide-inducedcroseismiceevents (quakes and tremors), 28 % of events at S21% at
PG15 and 39 % at PG16 feature at least one staiitbna scatter about the median amplitude valueval®9D0 %. With

estimated source-receiver distarceof less than abo®0 m, these events can be reasonably assumedyasated within

the landslide body or at its edges and are therefised in theanalysis of landslide-induced mis&ismicity rate (see

Section 6.3)-analysis

5.3 Calibrating the local magnitude (M.) scale at clayey landslides

Richter (1958) defines thearthquakdocal magnitude scalgl, as Eq. {2):

M, = log10(Awa) — log10(Ao) ¢2)

where Awa is originally the half of the maximum peak-to-peakplitude in microns recorded on a Wood-Andersam)
seismograph and legfAo) is the distance attenuation function; i.e. a@ction applied for the attenuation of the waveforms
with distance. The scale is defined so thatia3\arthquake writes a record of 1 mm peak ampituad a WA seismograph
at areceiversource distance of 100 km. The distance attenuétioetion of the M scale has been calibrated empirically for
earthquakes imany regions around the world (e.g. Bakun and Joyh@84; Hutton and Boore, 1987; Stange, 2006;
Edwards et al., 2015); however, standard calibragegiver-sourcalistances range within 10-1,000 km (Figtal2).

Therefore, these distance attenuation functionsuaegpropriated for neaource area microseismic events—recordiags

landslides. Wust-Bloch and Joswig (2006) calibratatistance attenuation function within 30-300 mdimkhole events in
the Dead Sea valley. Its slope is very similarxttrapolated distance attenuation function at distar-of less tharl km
(Fig. 12b).

Therefore;w\Vé calibrate M, in clayey landslides (M.s) by defining the slope and the intercept of tem@est form of the
distance attenuation function (EG3J):

logqo(Ay_1s) = slope x log,y,(D) + intercept e3

wherelogio(Ao-Ls) is the distance attenuation function in landdidadD is the receiver-source distance in km. The slepe

defined using theVIATLAB ® logfit function (© 2014, Jonathan C. Lansey), which returns regressiathe formY =
10imercentsiore for the calibration datasets presented in Figli@ An average slope value of -1.75 is found for diféerent
regression curves and taken foriggo..s) (Fig. 12b).

The intercept of log(Ao-Ls) is then calculated as follow:
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1. The theoretical moment magnitude,Mf a SISSY calibration shot is estimated followithg Gutenberg-Richter
magnitude energy relation, where {g§) = 1.5M, + 11.8, E being the radiated seismic energy is.ddging E =
240 Kiejoule (SISSY working principlehttp://www.liag-hannover.de/en/s/s1/al/sissy/propresentation.html
last visited September 21, 2017), we fingd-&%sy= 0.39.

Following Deichmann (2017), we derive Mf a SISSY shot as Myssy = 1.5My.sissy = 0.58.
The intercept of log(Ao-Ls) is found using Msissy = 0.58 with the mean slope of the regression vk 75) and

the averagenaximumabsolute vertical trac@-to-peak amplitude of the calibration shots in Mdistance (As =
5e1C¢ nm sb).

The calibratedocal magnitude scal, . s in clayey landslides finally writes as E§4{:

M;_;s = log,o(AA.s) + 1.75log,,(D) — 0.87
(C2)

where As is themaximum absolute vertical trace-maximum-(verticate)0-to-peak amplitude of the signal in nrh and

D the receiver-source distance in km.

The calibrated distance attenuation curves argetaban the average slope of regiosatthquakeslogio(Ao) curves (Fig.
12b). However, since no simple relation exist befmvéwa in g mmas used in the calculation of standard &hd As in

nm s? as read on a detection trace in landslides, tiepacison of standard distance attenuation functiogs(Ag) with

logio(Ao-Ls) is not straightforward. Well imaged in Figure 12b the strong influence of various water satoratdf the
landslide material prevailing during the differecalibration measurements, which can result in lwh®ne order of
magnitude or more at distances smaller than 100ha.range of potential Mof landslide-inducednicroseismicevents is
evaluated in Figure 13. Ms is plotted as a function of the amplitude reachin s' using log(A..s) for three receiver-

source distances (1, 10 and 100 Bince the estimation of the magnitude has a Idyai@ dependence to the receiver-

source distance, high uncertainties (> 50-100 g imethe source location can affect the magnitodkeulation by several

orders of magnitude unit€onsidering the range of observed signal amplituttes graphic shows that landslide-induced

microseismicity must scale within about -3.0 <M < 1.0. This agrees with the potential magnitudegeathat can be

inferred from field observations and assumptionfierg active seismogenetic structures are expectefdllt in the

decimeter-meter range.
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6 Discussion of microseismicity catalogs at clayégndslides

6.1 Landslide-induced microseismic events detectiaand classification

Automatic detection algorithms work fine for welidwn routine seismic signatures but fail for unknoand unexpected

25 low-SNR microseismic events. In order to gain krenige about the existing types of landslide-indunéttoseismic event

signatures, we therefore used an enhanced vistiafizaternative, where continuous seismic dataeevgereened for visual

pattern recognition in the form of sonograms (JgsWi008; Sick et al., 2012; Vouillamoz et al., 2P18sing a minimal

number of seismic features, detected events carildalthered into three main groups (Section 4)hgadkes, quakes and

tremors signals. The shallow installation of setsmstations in the landslide body resulted in highel of noise

30 contamination of the data and the distinction betwkndslide-induced microseismic events and atineironmental (or

anthropological) sources was not straightforwarde @o the near-source area of the targeted micmssty, individual
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source signal seismic signature can show tremendanistions between records from different statiatepending on the

respective receiver-source distance (e.q. Figd, Im-c and 7). Despite many landslide-induced asiismic events were

observed to occur in sequences, thus suggestitogeatial common source process, a cross-correlatmatysis performed

in the time domain within 1-30 Hz returned no evice of similar events among the considered segsefites stresses out

the complexity of the signals radiated by near-sewarea microseismic processes and hence the iliariab the related

seismic feature space. Individual microseismic sesircan also occur simultaneously on a complexisiglide, thereby

leading to time-overlapping tremor signals with hsglbcharacteristics, where individual source radis cannot be

unambiguously separated. Several instances of quaiablets (type Il and IIl), similar to short-dtiom ETS-like signals

were observed at both landslides. At Pechgrabeauént near quakes (type | and Il) featuring sHaration harmonics

were observed. Thus, it can be concluded that aguwimocal manual or automated classification ofd&ide-induced

microseismic_signals is possible for well-definemhdslide-induced single microseismic events. TRissupported by

previous results oProvost et al(2017) at Super-Sauze landslide, where quake and roakigloseismic events could be

successfully detected and classified using a Randomst supervised algorithm trained with 71 sedsieatures on a large

training set. However, inputs from the analyst & a requisite in the analysis of complex, hybtiemor signals recorded

at active clayey landslides in order to obtain coghpnsive and robust landslide-induced microseiswénts libraries for

the training of automated detection systems arssifiars.

6.2 Landslide-induced microseismic event locationmal interpretation

Due to the major difficulties encountered in thanskard location procedure of landslide-induced osieismic events

(Section 5.1), the proximity of near-source arem#lide-induced microseismic events was constrafpetditatively and no

maps of landslide-induced microseismicity was posdll Events featuring S values above 200 % wemrad to be

recorded in receiver-source distance of less thmouta50 m, according to calibration tests performédboth landslides

(Section 5.2). For these near-source area microgeevents, observations of high-SNR signal spectatent above 50 Hz

in the bandpassed waveforms or in the amplitudetspa corroborated a nearby source.

Quake events are inferred to be generated by desingture process. Type | and type Il quakes adnfaature S values

above 200 % and signal duration of less than zhasTwe consider that they are generated in less 50 m distance. The

slow apparent velocities (< 2.0 krd)sderived for trackable wave packets are consiststhi velocities estimated for clay-

rich landslide material (Williams and Pratt, 1996nnellier et al., 2013) and corroborate a sourggrated within or at the

edge of the landslide body. However, one canndtridisnate between both, mainly because a deptimesbtn is not

possible. S values above 1000 %, higher frequennteat, shorter signal duration and few statiormrés of type | events

(Fig. 4a and 4e) most probably reflects a smallvargt nearby source (< 20 m). Low-frequency congerit longer duration

of type Il events may account for slower ruptureiy and maybe larger rupture area (Fig. 4b). eryip events feature S

values which are generally below 200% whereas typevents feature S values which are systematidadiipw 200%.

Therefore, type Ill and type IV _quake events likefpresent a continuous transition to quake evesusrded at larger
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receiver-source distances. The higher apparencitiel® of trackable wave packets of type IV evesmsl the consistent

signal amplitudes of well distinquishable successiiases across the seismic network may suggesireesorigin outside

of the landslide body in the host rock.

The complexity and frequent hybrid characterisb€observed tremor-like signals makes their intetgion challenging.

ETS-like signals were inferred to be generatedtlokslip (near-repeating quakes) at shear bousdasf the landslide or

through fissure development or clogging at the $fidd surface (e.gsomberg et al., 2011; Walter et al., 2012; Tonaekit

al., 2013. The multiple impacts of a rockfall event prodsideemor signals, also consisting of spikes ants,joh some

instance very similar to ETS-like tremors. Sincéemtial source areas of rockfall can be observefearfield, multiple-spike

microseismic signals returning back azimuth towssdsh areas can be classified as rockfall signéls @ood certainty.

However, in the absence of additional constraiats,unambiguous classification of rockfall and EiKe-Isignal can be

difficult, in particular when the signals are ofwl@uality. At Pechgraben, the smooth topography waader-saturated

conditions prevailing during the two field campasgereclude the occurrence of large rockfalls. Snoakfalls consisting of

landslide material failure in _opening fissures (igp 20-30 cm width, 0,5-1,0 m depth) might happenl gmoduce

microseismic signals recorded at the nearest smtiBTS-like signals were mainly recorded acrosscibmplete seismic

network at Pechgraben. These ETS-like signals oedun sequences, simultaneously with harmonic arsmModels to

explain_ harmonic tremors include resonance of fad driven cracks (e.g. Chouet, 1988; Schlindwe¢ial., 1995) as well

as stick-slip (i.e. swarms of small repeating egrékes) (e.q. Helmstetter et al., 2015; Lipovsky Brunham, 2016). Thus,

we _consider ETS-like and harmonic tremor signalusages at Pechgraben as being generated by spokpssodes. The

dispersive tremors seem to be originated near ansecy rotational slide in SZ10, where crown crack&€ning was

observed during the detection period of the signEisis, we postulate rotational sliding initiatiand/or opening of crown

crack(s) as a potential source trigger for thegmads. Such a source mechanism would be compaiilitte field

observations made in the potential source are@spérsive events at Pechgraben.

6.3 Landslide-induced microseismicity rates

Only near-source area quakes type | and Il andaremvents (ETS-like, rockfall, harmonic and dispes) with S > 200%

were used in the final catalog of landslide-indun@droseismic events. This catalog served as & bagvaluate landslide-

induced microseismicity daily rates, in accordawd@ the resolution of available displacement deis$see Section 2). The

Figure 14 shows the temporal M _distribution of the near-source area landslide+g@dl microseismic events for SZ10 (a),
PG15 (b) and PG16 (c) and the cumulated eventesumith M. s > -1 (d). The corresponding daily landslide-indiice

microseismicity rates, for M s > -1 and M. .s > 0, show a clear increase with increasing avedailg displacement rates of

the three passive microseismic field campaignsAeboth landslides, no temporal links were fouretween the energy

radiated by local and regional earthquakes (maximemical trace absolute amplitude) and the occwweeof landslide-

induced microseismic events. At all campaigns, tm@pclustering of near-source area landslide-iedumicroseismic

events was observed. Sequence typically last axfewtes to a few hours and are followed by quiestares.
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67 Conclusion ando©utlook

We propose a unified typology afhicroseismic signals observed at slow-moving clay-rieloris slides by comparing

passivemicroseismic recordings of three campaigasried out at two landslidesd using published similar case studies as

a benchmark. The highly heterogenous and wateragatlistate of the material within the slides reisustrongly attenuated
and scattered waveforms. Signals generally consfstemplex and intricated surface waves, wherarf® S-phases cannot
be clearly distinguished and successive phase &vepackets) onsets are difficult, if not impossitd pick. Therefore,
very simple waveform and spectral attributes of signals are used for the classification (seeitisBection 3.1). The
principal discriminating parameters we find to difntiate landslide-inducedicroseismic signals from external unrelated

sources are (1) the prominemid consistenivaveform attenuation of neaburce area everts{<=50-m)-sedraess the

recordingseismicnetwork (Section 5.2) and (2) the low apparent aigjo(< 2 km s') of trackable wave packetthat also
applies for landslideelated-_inducedsignals generated in 50-500 m (estimated) receivaree distancedDespite the

complexity of the waveforms, comparable landslidgdiced microseismic signals were detected at faottislides, thereby

suggesting that similar _microseismic _source praeesze taking places at different landslides ard the method is

therefore scalable and reproduciblevo main classes of landslide-induced sigraks werefound: (1) quake-like signals

‘sh Jand (2) a variety of tremdike signals (Sections 4.2-4.3). Becaudecomplex-—seismic-velocity-structures,

e

ala' onse Na-—nNnon-optim Nehwo alaraVia¥ Ja' a¥ll fa on nece ntie ' aYalai Wi/ la) allla
ci S SiS Y g Shigms'

ation standard
approaches to event location result in high locatiocertainties at clayey landslides,—Coenseqyeittis—difficult(and

beculative)-to-characterize-source-processes\aidage-seismicity-rates—Usingaveform attenuation pattemere usedo

better-estimateconstraraceiver-source distancelince S values of local and regional earthquéke systematically below
200 %, we did not correct for potential site-effeahd,-we-nevertheless-compubdd, s were computedor nearsource area
events-sighal{< ~about50 m), applying a distance attenuation functioribcated for clayey landslide&Section 5.3)

Results show an increaselahdslide-induced micseismicity rate with higher average displacement rates. Althougichm

attention was paid to derive unbiased magnitudal@gs, uncertainties are still high. In additiohe tcatalogs may be
incomplete in the lower magnitude range due to nmglete datasets (see Section 2). Consequently,idvaad derive b-
values.

Since passive seismic methods alone do not alldetailed characterization aficroseismic source processes taking place
at clayey landslides, it is recommended to supph¢rseismic data with high spatial-temporal resolutremote sensing,
geodetic, geotechnical, geophysical, meteorologicdl hydrological measurements. One inconvenietitaisground-based
measurements on the landslide during the day rashigh anthropological noise level, corruptingignificant part of day-

time seismic measurements, when other measurements/ailable. The seismic monitoringSper-Sauze-2010SZH0d

PG1l6-waswergart ofa-multi-disciplinary field experimest and—Byramics-of-thetandslide-could-be-derifroeh-daily
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Ffuture directions of this study involve a detailezimparison of the various datasetsSuper-Sauzelhe aim will be to

precisely evaluate the degree to which the maiitdiion of passive seismic monitoring (high spatiakcertainty of the
detectedmicroseismic events and hence speculative sources ¢hiazation) can effectively be compensated by remot

sensing and other geodetic and geotechnical infitomasi

landslide-induced microseismic event catalog alswvides an initial signal library to train futurautamatic detection

systems and classifiers of complex and hybrid nsieismic signals at clayey landslides. In additionReandom Forest

supervised classifier already implementedRrygvost et al(2017) at Super-Sauze, unsupervised pattern recognian (

Sick et al., 201por Hidden Markov Models (e.dgdammer et al., 2012; Hammer et al., 2D%Bould be tested and success

rate as well as method reproducibility and scailgtdilenchmarked.

Data and resources

The Super-Sauze and Pechgrab@oroseismic datasets used in this study are storeldealnstitute of Geophysics of the

University of Stuttgart, Germany, in SEG-2 and MEEdata format. Request to these data can be aédrésshe authors.
Computations and plots were done with MATLABYww. mathworks.com/products/matlab, last accedsedember 10,
2017) under a campus license of the Universitytaftart. i
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Tables and Figures

Table 1. Seismic features ofnicroseismic signal types detected at slow-moving claich debris slides. Features are indicated for
high-SNR high-energy signals.

Signal Signal Attenuation ~ Dominant Number of Max. amplitude S [%]
duration  onset pattern frequency recqrding (order in nm 8)
statior
Earthquakes
Local/Regional ~10-60 s impulsive  none 1-20 Hz all 0,000 <200
Tele 60——s- emergent  none <5Hz all 100 <100
minutes
Quakes
Type | <ls impulsive  clear 20-100 Hz <5 ,000-1Q000 200-
Near high frequency 10,000
Type Il 1-2s impulsive  clear 5-50 Hz all ,0D0-1Q000 200-
Near low frequency 10,000
Type llI ~2s impulsive  ambiguous 5-50 Hz all ,0@0 <200
Moderate distance
Type IV 2-10s impulsive  ambiguous 5-50 Hz all ,000 <200
Local micreearthquake
Tremors
Landslide-induced tremor-like signals
ETS-like <20s emergent  clear 5-50 Hz <5-all ,00D-1Q000 200-
10,000
Confirmed-Rockfall 5-10 s emergent clear 5-100 Hz <5-all 100000 200-
10.000
Harmonic <5s emergent clear 5-20 Hz <5 10D 200-
1’000
Dispersive 30-120 s emergent  clear 50-250 Hz <5-all 10,000 200-
100000
External source of tremor-like radiations
Footsteps 5s- emergent  clear 5-100 Hz < 5-all ,000 > 200-
minutes 10,000
Gliding frequency 20 s- emergent  none 50-100 Hz all 1000 100-
minutes 1,000
MeteorologicalEnvironmental 20 s- emergent  ambiguous 20-250 Hz all ,aan > 200-
minutes 10,000
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Table 2. Three simplified layeredve velocity models at clayey landslides.

Layer thickness (m) Model 1 Model 2 Model 3

10 0.4kms-1 0.65kms-1 0.8 kms-1
Half-space 23kms-1 15kms-1 23kms-1
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Figure 1. Data overview. (a) Location of Super-Sauz¢Southeastern France) and Pechgraben (Upper Aush) clayey landslides
(stars). (b) Orthogonal projection of Super-Sauze red Pechgraben instabilities with situation of instumented areas. (&) Zoom
into Super-Sauzeseismic-hetwork-in-2010-({SZ10){(d)Zeom-inrtoan®Pechgraben seismic networkslepleyed-in2015(PG15)-and
5 2016 (PG186), where triangles indicate the seismitations and colors refer to different tripartite arrays (S1, blue; S2, red; and S3,
green). in-{e-d)zones-of-higherand-lower-dynamics-and ffle averagedaily displacement rates prevailing during individual fidd
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limits of the landslidesby-white-dotted-inres3-C seismometergS1.1, S2.1, S3.0 and S3-Htriangle-symbealee highlighted by white
outlines. Orthophotos credits: Super-Sauze, Rothmuhet al. (2017); Pechgraben, Lindner et al. (2014)indner et al. (2016). (e)
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indicates incomplete records (measurements from orar two arrays are missing); theavailable line shows where at least one array
is recording.
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Figure 8. Seismic features ofhe most commonexternal sourcestron-exhaustive)of tremor-like radiations. (a) Human footsteps at
SZ10, S1.2, ¢ 2010.06.05 13:08:33. (b) Airplane at PG16, S2.1, 2016.11.08 04:56:00 with typical gliding harmonicsn the
spectrogram. (c) Environmental noise recorded at SA4, stations S2.3 (top) and S3.8 (bottom) aé 2010.06.09 22:54:10 and (d) at
PG16, stations S2.1 (top) and S3.1 (bottom) at2016.11.08 03:00:40.
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Figure 10. Parameters impacting location uncertairies at clayey landslides. (a) Complex seismic velycstructures along two
tomographic profiles T1 and T2 at Super-Sauze; modiéd from Tonnellier et al. (2013) and Gance et a{2016). (b) Location of the
tomographic profiles T1 and T2 within the seismic arays S1, S2, S3. (¢) High-quality first arrival ofa SISSY calibration shot (top
trace, SZ10, S2.2,¢t2010.06.04 11:56:22) and first arrival of a high#S8R quake type | event (bottom trace, SZ10, 2010.C®
23:05:03). Note the higher uncertainties about thenset of the natural event. (d) Graphical locatiorsolutions for the SZ10 SISSY
calibration shot at station S2.1, June 4, 2010, 186:22 derived from first arrivals at individual seismic array S1 (left panel), S2
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samples uncertaintieffset shifts in first arrivals. Discussion is found in Setion 5.1.
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Figure 12. (a) Distance attenuation functions (-lg@\o)) of regienal-ML scales empirically calibrated forregional earthquakes with
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displacement amplitudes in WA mm, whereas M.s scale is calibrated using velocity readings in nre’. See discussion in Section

5.3.
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