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Mt Vesuviushas beendormantsincethe eruptionoccurredin 1944, afterwhich the conduitclosedand
the volcano entereda quiescentstate.Only a minor seismic activity,characterizedby low magnitude
volcano-tectonidVT) earthquakestestifiesthat the magmaticsystemis still active.In this paper we
report the fist quantitativeanalysisof volcanictremor discoveredat Vesuviusthrough the analysisof
arraydata.A seismicarrayinstalledin 2012 improvedthe monitoringperformanceof the local network,
permittingthe identificationof low amplitudecoherentsignals.Many of such coherentsignalsrecorded
during the last few yearshavebeen classifiedas volcanictremor.We selected22 tremor eventsbased
on their amplitudeand on the number of availablestations,and performeddetailedanalysisaimed at
locationand characterizatiorof the source.They are characterizedby low frequencydurationof a few
minutes,and the strongestepisodesarerecordedat distanceup to 90 km from the volcano.In manycases
we couldidentify P-S wavepairsin the seismogramghat alloweda preciselocationof the sourcedepth,
which is in the rangebetween5 km and 6.5 km below the crater.Waveformfeatures,spectralanalysis,
and comparisonwith VT earthquakedocatedat the samedepthindicatethat the sourcemechanismof

Keywords:
volcanictremor
volcanicearthquakes
eruptionprecursor
volcanoseismology

the Vesuviusnon-eruptivetremoris a sequenceof low frequencyshearfailures.

¥ 2016 Publishedby ElsevierB.V.

1. Introduction

After the discoveryof Pompeii ruins in the second half of the
18th century,Mt Vesuviussuddenly becamepopular all over the
world. At that time the volcano was very active with a persis-
tent smoke plume and frequent strombolian and effusive erup-
tions. The last activity period startedin 1631 with a strong ex-
plosive eruption, and ended in 1944.Since it is surroundedby a
denselypopulatedarea,Vesuviusis one of the highestrisk volca-
noes in the world. A modern network of geophysicalinstruments
providesdata for monitoring through multidisciplinary techniques
trying to catch any feeblesignalsthat could representa precursor
of unrest. However, during the last decadesonly low magnitude
(M < 3.6) VT earthquakeshave beendetectedand locatedat shal-
low depth below the crater (Del Pezzo et al., 2004; D'Auria et
al., 2013). Some temporary seismic arrays deployed in the past
20 ys allowed for detailed analysis of the backgroundnoise (Del
Pezzo et al., 1999; Saccorottiet al., 2001) and permitted the dis-
coveryof rare Low Frequency(LF) earthquakegBiancoet al.,2005;
Cusanoet al., 2013).More LF earthquakesand severalepisodesof

* Correspondingauthorat: Universitadella Calabria,Via Pietro Bucci,Rende(CS)
- Italy.Tel.: +390984493567.
E-mailaddress: mario.larocca@unical.it (M.Rocca).

http://dx.doi.org/10.1016/j.epsl.2016.02.048
0012-821X¥ 2016 Publishedby ElsevierB.V.

volcanic tremor have been detectedthrough the analysisof con-
tinuous array data that becameeffectiveafter the installation of a
permanentarrayin 2012 (La Roccaand Galluzzo,2014,2015).
Volcanic tremor is a low amplitude seismic signal observedat
hundredsof activevolcanoesbeforeand during eruptions(McNutt,
2005).Commonfeaturesof volcanictremorare the emergentonset
and long duration (from minutes to months) comparedto normal
earthquakeswhile the spectrumis usually rich of low frequency,
with the most of energyin the 1-6 Hz range (Konstantinouand
Schlindwein,2002).The most of observedvolcanictremorsare ob-
viously relatedwith eruptiveactivity,often starting from hours to
months beforethe volcanounrest (Chouetand Matoza, 2013).For
this reasonsource models are basedon a tight coupling between
fluids (both magmaand gas)and the conduitsthrough which they
move upward (Chouet, 1996, 2003). The interaction of magmatic
gas with the local hydrothermalsystemcan also play an impor-
tant role in the generationof volcanic tremor and low frequency
earthquakes(LF). For these reasonsvolcanic tremor is one of the
most important precursor phenomenain case of volcanic unrest
(Chouetand Matoza, 2013).The sourcelocation of volcanictremor
is usually affectedby a largeuncertaintydue to the lack of impul-
sive phasesrecognizableat the stationsof a local seismicnetwork.
Usually the sourceis located below the eruptivecraterwhere the

http://dx.doi.org/10.1016/j.epsl.2016.02.048
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most of activity occurs,while the depthrangesfrom hundredsme-
ters to few kilometers.

The observationsof volcanic tremor at closed conduit volca-
noes, not related with any eruption nor with any unrest episode,
are scarcelydocumented.Bursts of non-eruptive volcanictremor
havebeenobservedat few volcanoeslike Kilauea,Hawaii (Aki and
Koyanagi,1981; Wech and Thelen,2015),Deceptionisland, Antarc-
tica (Almendroset al., 1997), lwate and Bandai,Japan (Nishimura
et al., 2002; Nishimura and Ueki, 2011), Teide (Almendros et al.,
2007) and Copahue,Argentina(lbanezet al., 2008).In this paper
we describevolcanictremorobservedduring the last decadeat Mt
Vesuviusvolcanowithout any apparentrelationshipswith the vol-
canodynamics.

2. Dataanalysiandresults

Seismic activity at Mt Vesuviusis monitored by a network of
more than 20 stations(Orazi et al., 2013; La Roccaand Galluzzo,
2015; Fig. 1). A seismic array of 10 short period stations (hamed
VAS) is used to improve the monitoring performanceof tremor-
like signalssince 2012 (La Roccaand Galluzzo,2014). Array data
are analyzedby applying Beam Forming (BF) and High Resolution
methods(HR, Capon,1969)in the frequencydomain,and the Sem-
blance method in time domain (Neidell and Taner,1971). These
analyses,performed at severaldifferent frequenciesin the range
1 Hz-5 Hz, permits the identification of coherentphasesin the
backgroundsignal. Moreover,the results of array analysisprovide
an estimation of propagationdirection and apparentvelocity of
the coherentsignal, a crucial information to distinguish between
surface sources (possibly artificial) and deep sources (obviously
natural).

The catalogof volcanic tremor analyzedin this work includes
22 eventsthat have occurred since 2004 (Table 1). Fourteen of
thesetremorsoccurredafterthe installationof the array VAS (early
2012),that gavean important contribution to their detectionand
analysis.Theincreasingnumberof eventsduring the last few years
is not representativeof an increasedactivity,but it is rathera con-
sequenceof the higher numberof installedinstrumentsand of the
improveddetectioncapability.Tensof eventswith similar charac-
teristicsbut lower amplitudehavebeenexcludedfrom our analysis
becausethey havea very low signal to noise ratio, are recognized
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Fig. 1Mt. Vesuviusseismicnetwork.Topographymap of Mt. Vesuviusshowingthe
seismicstationscurrently installed. Different symbol indicate broad band, 3C and
1C short period stations,while blue and red colors indicate real time and stand
aloneinstrumentsrespectivelyThe insetshows the configurationof VAS array.(For
interpretationof the referencedo color in this figurelegend,the readeris referred
to the web versionof this article.)

only at few stations, and therefore cannot be analyzed properly.
Here we provide a detailed descriptionof one eventamongthose
with the highest signal to noise ratio and longest duration (Ta-
ble 1), which occurred on March 29, 2012, but its featuresare
common to all identified tremors. Seismogramsof this tremor at
many stationsof the local network are shown in Fig. 2, while the
signalsstackedat the VAS array are shown in Fig. 3. Although the
onset is emergent,the signal envelopeat the stations upon and
around the volcanoindicatesthat the sourceis locatedbelow the
crater,while the signal relative amplitude and the distancerange
of 90 km where the eventwas recordedsuggesta depth of at least
severalkm.

2.1.Locationofthetremorsource

Resultsof array analysisshow coherentphasescharacterizedoy
small incidenceangle (slownessin the range 0.1 s/km-0.2 s/km)

Table 1
Volcanictremorcatalog.
N° Date Time Duration at Amp max Corner Ts—Tp at
summit stations at BKWG frequencyat summitstations
(s) (micron/s) summitstations (s)
1 20041112 0437 75 5 1.3 BKE
2 20060104 2256 300 4 1.3-1.5 BKE
3 20070802 2116 180 3 1.4 BKNG
4 20080824 2253 70 4 1.3 BKE,1.5 POB,1.3 OVO
5 20090606 2238 200 8.5 3 1.4 BKSG
6 20090617 0354 200 3 1.5 BKSG,1.54 CRTO
7 20100309 0626 120 5.2 6 1.3 BKE,1.3 BKWG,1.6 VCRE
8 20110806 0640 150 9.1 4 1.35-1.5 BKWG]1.4 BKSGBKE
9 20120329 0012 210 6.4 5 1.35 BKWG
10 20120511 0106 420 11.2 4 1.3 BKE,BKWG, BKN
11 20120620 2218 240 2.0 3 1.5 BKE
12 20120709 0050 360 2.0 6 1.4 BKWG,1.4 BKSG
13 20120820 2306 300 10.6 3 1.4 BKE
14 20130125 0440 60 7.0 4 1.35 VASS
15 20130818 2028 240 6.4 4 1.45 BKE,1.55 BKWG
16 20130920 0458 180 4.3 3 1.4 BKE,1.45 BKWG,1.5 BKSG
17 20131225 0717 140 4.8 4 1.45 VASSBKWG
18 20140117 1246 270 5.6 4 1.3 VAS (cc)
19 20140223 0600 90 2.8 5 1.25 VAS (cc)
20 20140424 1646 160 7.0 5 1.35 VAS (cc)1.3-1.5 BKE
21 20141201 1652 90 3.2 5 1.4 VASS
22 20150620 2204 130 1.6 5 1.4 VASS
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Fig. 2Seismogramof a volcanictremor that occurredon March 29, 2012, at Mt
Vesuviusand was recordedat distancesup to 90 km from the epicenterSignalsare
bandpassfiltered between1.5Hz and 6 Hz. For eachstationthe distancefrom the
crateris indicated.
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Fig. 3a) Array stackedsignalsof the tremorshown in Fig. 2. Many P-S wave pairs

characterizedby the sametime lag Ts-T,, of about1.3 sare recognizedthrougha

carefulobservationof the waveform.P wavesin the verticalcomponentseismogram
are pointed by upward arrows, while S waves are shown by arrows pointing to

the horizontal componentsb) Backazimuthand c) slownessestimatedwith the BF

method focusedat 3 Hz (blue) and 4 Hz (magenta)Biggerfull symbol shows the

resultsof most coherentsignals.(For interpretationof the referencego colorin this

figurelegend,the readeris referredto the web versionof this article.)

associatedwith backazimuthto the North (Fig. 3), and phaseswith
nearly verticalincidence(slownesssmaller than 0.1 s/km, backaz-
imuth unreliablein such case),indicatinga sourcelocatedat some
depth below the crater.A careful observationof the three com-
ponent seismogramsof the stations characterizedby the highest
signal to noise ratio, and particularly of the array stackedsignals,
shows the presencein the tremor signals of many P-S wave pairs

with constantTs—T, (Fig.3a) that we interpretas VT earthquakes.

In some casesthis feature of the tremor signal is also evidenced
by the cross-correlationbetween vertical and horizontal compo-
nents, as alreadyobservedfor nonvolcanictremor (La Roccaet al.,
2009,2010).Someof the analyzedtremorsbegin with a sequence
of small VT earthquakesthen the signal amplitude increasesand
individual P-S phasesare no longerrecognizableThis featurehas
been observedfor many of the analyzed tremors in the signals
stackedover the array stations,and sometimesit is seen also at
the summit stationsBKWG, VCRE, BKE (Fig. 1), when the signalto
noiseratio is high enough.As an example,Fig. 3a showsthe begin-
ning of the tremor 20120329at VAS array.The array stackedsig-
nals containmany pulseson the vertical component(P waves)fol-
lowed after 1.35 sby a correspondingpulse on at leastone of the

3
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Fig. 4a) Vertical EW cross-sectionof Mt Vesuviuswith a schematiclocation of the
sourcesof volcanictremor (red star),deep VT (yellow circle),and intermediateVT
(blue circle) analyzedin this paper.Black dots representshallowerVT not analyzed
in this paper.Blue trianglesshow the relativeposition of seismicstations(distance
from the craterand elevation)with VAS array shown by a cyan square.The inner
vertical axis shows the Ts — Ty, time correspondingto the summit stations com-

puted for the velocitymodel shown in plot b). (For interpretationof the references
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horizontalcomponents(S waves).The estimatedTs — T of suchVT
eventsin the volcanictremoris in therangel.3 s<Ts—T, <155
at the summit stations. Since it is not possible to recognizethe
same phase at many stations due to the chaotic nature of the
wavefield, we cannot locate the source of individual P-S wave
pairs through the inversion of time picking at the network sta-
tions. Thereforethe estimatedTs — Tp, time is the most important
information to locate the tremor source.Looking at the envelope
of filtered signals at the network stations we can establishthat
the epicenteris roughly in the craterarea,while the sourcedepth
is well constrainedby the Ts — T, estimatedat the summit sta-
tions, those closer to the epicenter.Following this procedurewe
estimateda raw location of the tremor source assumingthe epi-
centerin a radius of 1 km around the crater and computing the
depth from the estimatedTs — Ty, as shown in Fig. 4a.The source
depth was computed by using the simple velocity model shown
in Fig. 4b, thatis a smooth 1D averageamongthe 3D models esti-
matedfor Mt Vesuviusfrom tomographystudies(Zollo et al.,1996;
Lomax et al., 2001; Scarpaet al., 2002). The Ts — T, of volcanic
tremor estimatedin therangel.3 s <Ts — Tp < 1.5 s at the sum-
mit stationscorrespondsto a sourcedepth between5 km and 6.5
km below sealevel (Fig.4).

2.2. Investigationmfthetremorsource

The short duration, deep source,and rare occurrenceof Vesu-
vius tremor contrastwith the volcanictremor commonlyobserved
at eruptingvolcanoes,where it is usually locatedat shallow depth
and it is likely producedby the interactionof magmaticfluids with
conduits and with the hydrothermalsystem.On the other hand,
some cases of volcanic tremor observedduring eruptions of Mt
St. Helens and Redoubt volcano have been interpretedas nearly
continuous sequencesof stick slip earthquakesbetweenhigh vis-
cosity magma and the surrounding conduit (Iverson et al., 2006;
Hotovecet al., 2013).Vesuviustremor looks more like this second
kind of source, rather than the resonanceof fluid filled cavities.
Importantcluesin this direction come from a comparisonwith VT
earthquakedocatedat the samedepth of tremor.

The most of VT earthquakesrecorded at Mt Vesuvius dur-
ing the last decadesare located below the crater at depth shal-
lower than the volcanictremor analyzedhere (Biancoet al., 1999;
Del Pezzo et al., 2004; D'Auriaet al., 2013).0Only a few small VT
earthquakesoccur at the same depth of the tremor, and noth-
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Table 2
DeepVT earthquakes.
N° Date Time Max amplitude Cornerfrequency Ts—Tp
at BKE at summitstations at summit stations
(1-6 Hz) (Hz) (s)
1 20120511 010909 9.4 2 1.3 BKE,VAS, BKWG, BKN
2 20130430 014508 9.4 3 1.45 VAS,1.35 BKE
3 20130430 014639 1.2 4 1.35 BKE,1.4 VAS,1.4 BKWG
4 20130430 014915 1.8 6 1.35 BKE,1.4 VAS,1.4 BKWG
5 20130430 014950 3.1 6 1.35 BKE,1.4 VAS,1.4 BKWG
6 20130430 020034 3.1 6 1.35 BKE,1.4 VAS,1.4 BKWG
7 20130430 020315 1.8 6 1.35 BKE,1.4 VAS,1.4 BKWG
8 20130510 005748 1.2 4 1.3 BKE,1.4 VASS
9 20131214 013337 1.6 6 1.35 BKE,1.4 BKWG
10 20131214 013401 3.1 6 1.4 BKE,1.45 BKWG
11 20131218 162604 9.4 5 1.3 VASS
12 20140115 075029 9.5 5 1.4 BKE,1.6 VASS
13 20140228 075626 9.4 4 1.4 BKE,1.4 VASS
14 20140228 080326 6.2 4 1.35 BKE,1.3 BKWG,1.5 VASS
15 20140228 080403 9.4 5 1.3 BKE,BKWG
16 20140829 033400 3.1 5 1.3 BKE,VASS
17 20141208 022828 3.2 2 1.3 VASS
18 20150122 060509 2.8 2 1.4 VASS
19 20150221 193527 3.3 4 1.4 VASS
20 20150620 220520 1.8 5 1.4 VASS
Table 3
IntermediateVT earthquakes.
N° Date Time Corner frequency Magnitude Ts — Tp at summit stations
1 20130119 035134 18 Hz 1.4 1.0s
2 20130311 021444 20 Hz 1.5 1.1s
3 20130408 001319 18 Hz 1.2 1.1ls
4 20130421 061906 22 Hz 1.0 1.0s
5 20130715 021325 22 Hz 1.2 1.0s
6 20131019 024704 15 Hz 1.3 1.2s
7 20131101 122108 15 Hz 1.9 1.1s
8 20131211 092129 15 Hz 1.4 1.1s
9 20141123 192319 20 Hz 1.2 1.1s

ing has been detecteddeeper.To investigatethe deep seismicity
we looked at all availablerecordingsof VT earthquakesoccurred
in the past 25 years and located at depth greater than 4 km
bsl in the catalog.Among those earthquakeswe could not find
any VT with Tg — T, greaterthan 1.5 s at the stations near the
epicenter.This means that the very few earthquakescatalogued
with depth greaterthan 6.5 km are mislocations or they were
located by using a faster velocity model. Our selection based on
the Ts — T, time difference avoids any possible doubts related
with the velocity model or with wrong phase picking used in
the sourcelocation.We found 20 VT earthquakescharacterizedby
1.3s=Ts—Tp = 1.5 s at the summit stations(deep VT hereafter,
Table 2 and Fig. 4), the same valuesobservedfor the tremor sig-
nals, and used them to investigatethe source of volcanic tremor
that havethe same Ts — T;,. Furthermorewe selected9 VT earth-
quakeswith 1.0 s=<Ts — T, =1.2 s, locatedat depth between3.5
and 4.5 km bsl (intermediateVT hereafter,Table 3 andFig. 4), and
computedthe displacementsignal spectrafor all events.Spectra
of deep VT, intermediate VT, volcanic tremor and seismic noise
recordedat the summit station BKWG are shown in Fig. 5, while
the seismogramsfor one eventof eachtype and their spectraare
shown in Fig. 6. A comparison of the spectralcontentssuggestsa
tight relation between the source of tremor and deep VT earth-
quakes.In fact volcanic tremor and deep VT have spectra very
similar to eachotherin the frequencyband between4 Hz and 10
Hz, wherethey havethe highestsignalto noiseratio, while the dif-
ferencebetweenthem and intermediateVT is striking (Figs.5 and
6b). IntermediateVT earthquakedlocatedat around 4 km bsl) are
characterizedby corner frequencybetween15 Hz and 22 Hz (Ta-
ble 3), the same of shallower earthquakesnot shown here, while
deep VT and tremor (both locateddeeperthan 5 km bsl) are char-

6 7 80910
Frequency (Hz)

Fig. 5Signaldisplacementspectraof volcanictremor(red, 1.3 s<Ts—Tp, <1.45 s),
deep VT earthquakegblack,1.3 s < Ts — T, =<1.45 s), and intermediateVT earth-
quakes(blue, 1.0 s = Ts — T < 1.2 s). The averagespectrumof seismicnoise se-
lectedbeforetremorand earthquakess shown with its standarddeviationby green
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acterized by corner frequencyfrom 2 Hz to 6 Hz (Table 1 and
Table 2).A such strong differencecannot be explainedinvoking a
higher attenuationat depth but must be a source signaturelikely
due to rock propertiesat depth where deep VT and tremor occur.
The spectralsimilarity of deepVT and tremoris a strongconstrain
on the hypothesisthat both types of eventsare producedby the
samesource mechanisms.

We estimated the source spectrum starting from the signal
spectra and taking into account the attenuation estimated in
the Vesuvius area (Bianco et al., 1999). Various source spectral
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Fig. 6a) Seismogram®f an intermediateVT (Ts — T, = 1.1 s, blue),a deep VT (Ts — T, = 1.4 s, black)and a tremor (Ts — T, = 1.4 s, red) recordedat the summit station
BKWG, high passfiltered at 1.5Hz. b) Averagespectraamongthe three componentsof the eventsshown in (a) (thick line) comparedwith the averagespectraof seismic
noise selectedl minute beforeeachevent(dashedline). The theoreticalsourcemodels w2 and W3 are shown by orangeand greenlines respectively(For interpretation
of the referencedo color in this figurelegend,the readeris referredto the web versionof this article.)

Table 4
Sourcefeaturesof the analyzedseismicity.

Type Seismic moment M My Corner freq. Source radius Stress drop Rupture velocity
Interm.VT 7.7 X 101°-9,5 x 10! Nm 1.0-1.9 15-25 Hz 30-40 m 7-40 bar 0.9 Vs

(Vs = 3.3 km/s)
Deep VT 1.1 x 10'-1.7 x 1012 Nm 1.3-2.1 2-6 Hz 110-210 m 0.2-2 bar 0.9 Vs

(Vs = 3.0 km/s)
Tremor 5-70 cn? (reduced displacement) - 3-6 Hz - - -

models and scaling laws have been used in literature to ex-
plain the differencesamong VT, LF, and tremor events(Madariaga,
1976; Boatwrigth, 1980; Deichmann, 1997; Ide et al.,, 2007;
Harrington et al.,2015). The different source features are ex-
plained mainly invoking rupture velocity and stressdrop. In our
casethe best fit of observedspectrafor intermediateVT, deep VT
and tremoris given by the w3 source model with Qg =80 701,
very close to the attenuation value found for Mt Vesuvius by
Bianco et al. (1999), Qg = 60 in 1-24 Hz frequencyband). The
w3 high frequency spectral decay has been observedin some
cases of volcanic tremor (Patane et al., 1994) and nonvolcanic
tremor (Zhanget al., 2011). Site effects were assumednegligible
for the summit stations BKE and BKWG used in our calculation
(Galluzzo et al., 2009). The results for the three types of events
are summarizedin Table 4.For volcanic tremor we estimatedthe
reduced displacement(Aki and Koyanagi, 1981) instead of seis-
mic moment. Assuming a rupture velocity of 0.9 Vs, we obtain
sourceradius (Madariaga,1976) R = 30-40 m for intermediateVT
(fe = 15-22 Hz, source Vs = 3.0 km/s), but R = 110-210 m for
deep VT and tremor (fc = 2-6 Hz, Vs = 3.3 km/s). A sourcesize
of 0.2-0.4 km, associatedwith 0 <2 bar (Table 4), seemsun-
realistic for deep VT and tremor. However, smaller Vs (2 km/s)
and lower rupture velocity (0.6 Vs) would lower the source size
(Deichmann,1997) of tremor and deep VT to values of less than
0.1 km, more similar to intermediate VT and compatible with
the small size of faults expectedbelow Mt Vesuvius, where the
low magnitude of current seismicity (Del Pezzo et al., 2004;
D’Auriaet al., 2013) doesnot suggestthe existenceof largerfaults.
Another possibility to fit the observedspectrais given by much
smaller source size associatedwith higher stressdrop but lower
rupture velocity.

3. Discussiomandconclusions

We could not find deep VT with the spectralfeaturesof inter-
mediateVT nor intermediateVT with the spectralfeaturesof deep

VT, thereforewe concludethat their striking differencemust be re-
lated with the rock propertiesat depth where deep VT and tremor
are located. Unfortunatelywe have very little information about
the physical properties of rock at such depth below Vesuvius.
One possibility to explain the observeddifferenceis a significant
changeof the medium mechanicalpropertieswith depth, reason-
ably in terms of stiffness,temperature,and perhapsthe presence
of nearly melt material.A significantchangeof these propertiesat
depthbelow 5 km bsl would explainthe lower frequencycontents
of tremor and deep VT in terms of lower stressdrop compared
with the VT locatedat shallowerdepth.This hypothesiswould ex-
plain also the absenceof any seismic waves radiated by sources
deeperthan about 6.5 km bsl. On the other hand, the presence
of melt material at depth of about 8 km was inferred from the
study of active sourcesshot for a tomographyexperiment(Auger
et al., 2001). Our results suggesta significantchangeof medium
mechanicalpropertiesstartingat around 5 km bsl, where the rock
stiffnessdecreasesand low stressdrop shear failures radiate en-
ergy at lower frequency.The absenceof seismic waves radiated
from depth greaterthan about 6.5 km bsl is consistentwith rock
temperaturehigherthan the brittle limit, and perhapsa significant
amountof melt material.

Spectralsimilarity, the sequencesf P-S wave pairs recognized
in many seismograms,and the very similar source location indi-
cate beyondreasonabledoubts that the volcanic tremor observed
at Mt Vesuviusis generatedby sequencesof shear failures that
occur like a swarm in a small volume.However,such sequenceof
failuresdoesnot occuron the samefault plane.Sincewe could not
identify the sameP-S waveformrepeatingin the tremorsignal,we
concludethat the various P-S wave pairs are producedby sources
with differentfocal mechanismsamongthem.While eachdeepVT
is producedby an individual shearfailure,the tremorsignalis pro-
duced by a swarm of many failures occurringin a short time and
in a volume small enough to produce similar Ts — T,. A source
model where highly viscous, partly crystallizedmagma,occasion-
ally moves (not necessarilyupward) inside a conduit or a dike
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may well describethe observedtremorsignals(White et al.,2011;
Green et al.,2015).Stickslip of volcanicmaterialin a conduit cav-
ity would radiate energyfrom severaldifferent points where the
normal stressis higher, hence the individual small fault planes
would havedifferentorientations.This explainswhy the observed
P and S wave pulses have different shape and relative amplitude
(Fig. 3). Basedon the availabledata,we are not able to establishif
such small occasionalmovementof magmaat depth is driven by
a pressureincreaseor it is producedby settlementof hot material
residual of the last eruption.

Anotherfeatureof Vesuviusseismicityis the low numberof in-
termediateVT and the apparentgap betweenthem and the deep
VT and tremor (Fig.4a). We could not find any VT earthquakewith
Ts — Tp in the range 1.2 s-1.3 samongthose recordedduring the
last two decades.Thereforewe do not observea smooth transi-
tion betweenintermediateVT (with cornerfrequencyof 15-22 Hz)
and deep VT (with cornerfrequencyof 2-6 Hz), but a seismicgap.
Based on the availabledata we do not know the reason of such
apparentgap. Investigatingthe roots of Mt Vesuviusis a complex
matterbecauseappropriatedata are not available.Local seismicity
relatedwith volcanicactivityis confinedto the shallowest6.5 km,
while local seismicity of tectonic origin located in the crust be-
low and aroundthe volcanois absent.Thereforeit is impossibleto
observehigh frequencyseismicsignalsthat along their path prop-
agatethroughthe deepstructureof the volcano.On the otherhand
low frequencyteleseismicsignalsdo not allow for a sufficientres-
olution of the deepstructure.

The discoveryof volcanictremorat Mt. Vesuviuswas somewhat
unexpectedbecausethe volcanois in a quiescentstatesince 1944,
the seismic activity has been very low during the last decades,
and no other phenomenarelatedwith its activity are observed.At
presentwe are not able to establishany relationshipsbetweenthe
occasionalbursts of tremor and the volcanodynamics.
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Highlights

* Observationof volcanictremor at Mt Vesuviusdiscoveredfrom the analysisof array data.

* P-S wave pairs with constantTs — T, time permitsa preciseestimationof the sourcedepth.
* The sourceis locatedat depth between5 km and 6.5 km bsl.

* Vesuviustremor has the samespectralcontentsof VT earthquakedocatedat the samedepth.
¢ Vesuviustremoris a sequenceof low frequencyshearfailuresoccurringin a transitionzone.
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