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Keypoints: 

  First six-degree-of-freedom measurements with a network of rotational motion sensors at 

an active volcano 

  Identification of three visually different types of explosion quakes at Stromboli  

  Localization of volcanic sources using the concepts of six-component polarization 

analysis  

  Synthetics and real data reveal complex wave field in the near field of a volcanic source 
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Abstract 

Volcano seismology, while its value for surveillance of an active volcano is undebatable, is a 

very demanding field when it comes to station deployment, maintenance, and finally interpreting 

the measurements. Most valuable in the past was the deployment of arrays of sensors to evaluate 

the properties of the entire wavefield in order to classify, locate, and estimate the dominant 

mechanism of the corresponding sources. While very beneficial, an array of seismographs is very 

hard to maintain in a permanent installation at an active volcano. With the advent of new 

instrumentation based on fiber optic technology such as Distributed Acoustic Sensing (DAS) 

with fiber optic cables as well as Fiber-Optic Gyroscopes (FOG) the measurement of 

deformation and rotation, i.e., the gradient of the wavefield is feasible. The advantage of the 

FOG instrumentation with respect to DAS lies in the portability and ease of deployment, which 

is very similar to standard deployments of traditional seismometers. During a field campaign in 

summer 2018 we were able to install three FOGs together with classical broadband seismometers 

in close proximity to the active vents of Stromboli volcano (Italy). We show that with this new 

six-degrees-of-freedom (6DOF) measurement we are able to analyze the wavefield composition, 

a property normally reserved for array(s) of seismic sensors. As a first result, we can support 

earlier array-derived findings that a large portion of the wavefield at Stromboli volcano is formed 

by SV- and SH- type waves. We also present first locations of these signals facilitating the 

polarization properties of the combined measurement of gyroscopes and seismometers. They 

emphasize the benefit of recording wavefield gradients. In addition to these array-like results, the 

6DOF recordings show a clear separation of at least three distinct groups of volcanic events of 

which two are already known and one represents a jetting event that appears nearly invisible for 

classical seismometers. However, rotational motions - or more general - gradients of the 

wavefield experience severe distortions by local velocity fluctuations and topography 

significantly complicating the application of 6DOF techniques at activate volcanoes. 

 

1 Introduction 

Seismology plays a key role in the surveillance of active volcanoes. The origin of 

volcano seismology reaches back as far as 1911 when Omori published his pioneering work on 

the seismic signals during the Usu volcanic eruption in 1910 (Omori, 1911). Since then, the basic 

idea of applying the concept of seismology at active volcanoes is that the recorded seismic signal 

together with its associated source processes allows a direct insight into the motion of the sub-

surface fluids which will enable the observer to estimate the activity status of the volcano. With 

the availability of portable and later digital seismographs, the number of seismic experiments and 

permanent surveillance networks at volcanoes strongly increased. During these years an 

increasing amount of data was collected, showing more and more the variability of seismic 

signals at active volcanoes (Minakami; 1960, 1974;  McNutt, 1996) as well as their apparent 

complexity in the involved source processes. This was and still is in contrast to the well 

established double couple model of tectonic earthquakes. The wealth of different signals led to 

the absurd situation that some scientists were looking for data that explained their most favorable 

models rather than the contrary. A large part of the puzzle in volcano seismology was and still is 

to distinguish between path and source effects both contributing significantly to the recorded 

ground motion. These problems were partly solved with the appearance of field deployable 

broadband seismometers (Dreier et al. 1994, Wassermann, 1997, Neuberg and Pointer, 2000) and 
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the application of seismic arrays (Neuberg et al., 1994; Chouet et al., 1997, Saccorotti et al. 

1998; Almendros et al., 1999, Métaxian et al., 2002). While the use of broadband seismometers 

deployed in the near field of the sources gave new insights into the corresponding mechanisms of 

volcanic sources (e.g., Chouet et al. 2010; Kawakatsu and Yamamoto , 2007; Lokmer et al. 

2007; Ohminato et al., 1998; Jolly et al., 2017), the use of arrays or even better array of arrays 

allowed a better location of continuous signals, i.e., volcanic tremor (e.g., Eibl et al., 2017; Di 

Lieto et al., 2007). In addition to the improved estimate of the source location, also the almost 

always unknown velocity structure and the composition of the wavefield can be analyzed when 

an array of sensors is used (Almendros et al., 2002; Wassermann and Ohrnberger, 2001). 

However, these advantages of broadband sensors and seismic arrays come also with a price. The 

installation procedure of broadband sensors and arrays is much more complicated as for a 

classical sparse  network of short period seismic stations. While broadband seismometer 

recordings additionally suffer from noise by meteorological effects and dynamic tilt from 

volcanic activity, the maintenance of a permanently installed seismic array or even an array of 

arrays proved to be almost impossible. As a consequence, most of the permanent surveillance 

networks at volcanoes consist of a few broadband stations only. While this seems to be sufficient 

for the monitoring of “normal” activity, such sparse networks may not detect changes in the 

volcanic systems or even be able to locate the sources and the source mechanism with the 

required precision (De Barros et al., 2011).  

Since a few years ago new types of instrumentation give hope to overcome at least some 

of the just mentioned difficulties. While fiber optical cables used in Distributed Acoustic Sensing 

(DAS) applications promise to reveal up-to-now unequaled dense snap shots of the wavefield 

and strain recordings, its deployment is still a challenge and the recording units are expensive 

and very delicate to handle. This restricts the area of deployment to a few special cases or short 

recording times. In contrast to this large (channel) number (large N) approach, another concept 

consists  in the measurement of the ground motion and the corresponding wavefield gradient 

with a very high precision at only a few sites. The latter concept of sparse but precise ground 

motion measurements seems to fit quite naturally to the situation often met at volcanoes, on 

extraterrestrial planets (e.g., Sollberger et al., 2020).  Or the ocean sea bottom (e.g. Lindner et al., 

2016). Combining three axes of translational motion (seismometer) with three axes of rotation 

(e.g., through Fiber-Optical Gyroscopes; FOG) was already shown to be useful in many 

applications (e.g., Hadziioannou et al.; 2012; Bernauer et al., 2014; Lindner et al., 2016; Donner 

et al., 2018; Keil et al. 2020; Sollberger et al., 2020). However, most of the advantages could 

only be shown theoretically or applied to teleseismic signals recorded by expensive and large 

ring lasers (e.g., Schreiber et al. 2006, Igel et al., 2007; Yuan et al. 2021). While FOGs are 

known for decades in navigation, a class of highly sensitive devices especially designed for 

seismology were only recently made available (Bernauer et al., 2012, 2018, 2021; Yuan et al., 

2020). 

As a proof of concept, we planned and conducted a field experiment at Stromboli volcano 

(Italy; figure 1) using three broad band seismic stations (Nanometrics Trillium Compact 120 VS 

and RefTek RT130) in combination with three blueSeis-3A FOGs (www.blueseis.com, 2021). 

Stromboli volcano was chosen because of its persistent activity, easiness of logistics and mostly 

stable weather conditions. 
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2 Experimental Design and Data 

a) 

b) 

Figure 1: a) Map of Stromboli Island (Italy) with the location of the summit network operated 

by the university of Florence (squares: tilt meter; triangles: broadband seismometers) and the 

sites of the 6C measurements (pentagons). The site LISC was deployed using the instruments 

from CROC for a time range of two days. The active vents are indicated by grey circles (SW & 

NE). b) The photograph gives an impression of the installation procedure. The seismometer and 

the FOG are placed one the same plate to guarantee identical motion. For a better insulation 

(seismometer) and to protect the instruments from wind the pit was refilled with volcanic ash. 

NE 
SW 
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Stromboli volcano (Italy) is well known for its persistent activity reaching back more 
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than 2000 years which baptized a whole eruption style as “strombolian activity” (Newhall and 
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Self, 1982). Next to the continuous tremor which fluctuates in amplitude depending on the 
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surface activity, the “normal” behavior of Stromboli volcano consists of frequent small-scale 
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eruptions, which are associated with the bursting of large gas slugs or churns at the free surface 

Figure 2: 20 min of data of the network (Fig. 1) recorded with translational 

seismometers shown in a) and the corresponding rotational motion data b). Both plots 

are trace normalized and the corresponding spectrogram between 0 -100 Hz is shown as 

background with lighter colors for larger amplitudes. In order to be directly comparable, 

the seismometer data are differentiated to be proportional to m/s
2
. The black boxes 

indicate three apparently different types of volcanic signals with different surface 

activity to follow. 

 

a) 

b) 1

  

2

  

3
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of the open vent system (e.g., Braun and Ripepe, 1993; Ripepe et al., 1996; Ripepe et al., 2001). 

 In the last three decades numerous seismic experiments were conducted at Stromboli. 

Noteworthy of which are e.g., Dreier et al. (1994), Neuberg et al. (1994) and Wassermann (1997) 

installing portable broadband seismometers the first time,  Neuberg et al. (1994), Chouet et al., 

(1997); Saccorotti and Del Pezzo (2000) analyzing data from seismic arrays, Ripepe et al. (2009) 

running a permanent network of seismometers, tilt meter and acoustic sensors at the summit of 

Stromboli volcano (see Fig. 1). Most of these studies explain the dominant low frequency part of 

the seismic signals as being caused by an ascending gas churn (sometimes also revered as slug or 

plug) which bursts into fragments when reaching the surface of the magma column. The location 

of the bursting surface and the start of the seismically detectable ascent of these gas churns varies 

between 200 and 800 m below surface, respectively (Chouet et al, 2003; Marchetti and Ripepe; 

2005). Several studies also showed that the surface appearance of the explosions is imprinted on 

the seismic broadband recordings. A frequent observation is that the seismic recordings can be 

divided into two fundamental groups, of which one is associated with the classical Strombolian 

activity while the other might be seen as a more “muffled” source, which is seen as a higher ash 

laden eruption plume (e.g., Chouet et al. 2003; Kirchdörfer, 1999). The persistent volcanic 

tremor shows a strong fluctuation in its amplitude which is often related to changes in the surface 

activity of the volcano (e.g., Langer and Falsaperla, 1996). 

Several array applications as well as traditional 3C polarization analysis showed that a 

large portion of the wavefield of the volcanic tremor as well as the Strombolian explosion signals 

consists of SV- and SH-type waves, which demand an explanation of the associated source 

effects (Chouet et al, 1997; Wassermann, 1997). Prudencio et al. (2015) also showed that a large 

part of the observed wavefield complexity is caused by strong scattering, while Wielandt and 

Forbriger (1999) demonstrated that the broadband recordings contain a significant portion of 

near-field dynamic tilt effects. The wealth of collected multi-disciplinary observations and 

knowledge about the volcanic activity, the associated seismic signals and the internal structure in 

addition to the relative ease of accessibility makes Stromboli volcano a top destination for testing 

new equipment and surveillance techniques.  

During the experiment between end of August and mid of September 2018, the activity of 

Stromboli volcano was rather mild with a few Strombolian eruptions per hour originating from 

the NE crater (see Fig. 1) and, less frequent, ash-laden explosions from the SW crater. In 

addition to this quite common behavior, a very pronounced jet activity accompanied by very 

loud audible sound but barely visible products was completing the spectrum of volcanic surface 

activity. The mildness of activity enabled and also constrained an installation of the sensors close 

to the volcanic centers. Figure 1 gives an overview of the station setting with respect to the 

activity centers. The installation of the occupied sites consisted each of a Nanometrics Trillium 

Compact 120 SV seismometer, which was installed on the same base plate as the co-located 

iXblue blueSeis-3A rotational motion sensor (Fig. 1b). For a better insulation of the seismometer 

and sufficient protection of the sensors from wind and other environmental influences the 

sensors were installed in a shallow pit and covered by volcanic ash after the deployment. Both 

sensors were sampled with a rate of 200 Hz and a GNSS driven time synchronization. The still 

high-power consumption of the blueSeis-3A demanded the installation of a battery with a 

capacity of 65 Ah as well as a 140 Watt solar-cell at each site. However, even with this quite 

oversized power source it was not possible to guarantee a continuous 24/7 recording as either the 

weather or the site conditions (sparse sun light on the panels because of the location of the 
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sensor) did not allow the complete re-charge of the attached batteries during day light. An 

additional flaw of the data was caused mainly by the third deployed blueSeis-3A sensor installed 

at the site CROC (and LISC; Fig. 1a)). This sensor was still in a prototype stage and appeared to 

produce a large number of spikes, which made most of the recorded data not usable at the end.  

The standard treatment of the seismometer data consisted in the conversion of the RefTek 

(RT130) native format into miniSEED using the ObsPy software library (Beyreuther et al., 2010; 

Megies et al., 2011). The blueSeis-3A data, which are already digital and in miniSEED format, 

were “de-ramped” before final storage. The “de-ramping” mechanism is needed in order to clean 

the data from spikes introduced by the closed-loop operation of the FOG (Guattari et al., 2019).  

Figure 2 gives a 20 min example of the final raw 6C recordings at all three simultaneous 

running sites (Fig. 1). For a better overview of the overall signal properties the background of the 

trace normalized amplitude-time plot is the corresponding spectrogram of each individual trace. 

In order to directly compare the recordings of translational to rotational ground motion, the 

translational, seismometer data are differentiated to be proportional to ground acceleration (e.g., 

Sollberger et al., 2020). The most obvious feature visible in figure 2 is the existence of different 

seismic signal types, a finding, which was often made in the past (back boxes in figure 2; e.g., 

Wassermann, 1997). While type 2 shows the clearest signal in acceleration and rotational motion 

with an emphasis to higher frequencies, type 1 shows only small to moderate amplitudes in the 

frequency range above 1 Hz but an enhanced excitation of lower frequencies. This finding is in 

line with those of Wassermann (1997) and Chouet et al., (2003), who identified apparently 

similar types during an also mild activity period of Stromboli volcano in 1994 and 1997, 

respectively.  

A completely different class of signals can be seen in figure 2 marked as type 3, which 

was also reported by Goto et al. (2014). While this signal is hardly visible on translational 

ground velocity motion recordings it shows up with larger amplitudes on recordings proportional 

to acceleration and large amplitudes on the rotational motion sensors, respectively. Visual 

observations at the summit link this type of signals to the occurrence of strong gas jetting events. 

During this jetting very loud audible noise (comparable to a turbine engine) was produced 

without any preparation phase or any visual products like rocks or lava fragments expelled from 

the vent. In a later stage the surface location of the jetting could be identified as a newly 

developing vent, which by the time of being visible produced sporadic fragments of expelled 

magma by simultaneously significant reduced sound. Another surprising feature of these jetting 

events is that they seem not to produce any infra-sound signals on the summit infra-sound 

stations (0.01 – 10 Hz). Assuming simple plane-wave propagation as a first proxy and 

considering the proportionality between acceleration and rotation rate, this amplitude difference 

is in line with a very low propagation speed of the corresponding waves. A plausible explanation 

for these type 3 events is that the recordings represent acoustic or seismo-acoustic waves 

coupling into the ground (e.g., Braun and Ripepe, 1993). 

 

3 Analysis 

As the mild activity produces rather small amplitudes, we follow the approach of Dreier 

et al. (1994) and - in a first step - try to identify members of similar waveform groups (i.e., type 1 

& type 2) and then increase the signal to noise ratio at least in the lower frequency range by 

stacking the corresponding group members. A visual inspection of type 3 events (jetting) 
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revealed a strong variation in duration of the individual events so we exclude this type for the 

moment from the following analysis steps. 

 

Cluster Analysis 

In order to evaluate the questions about the existence and number of clusters of different 

explosion quakes (i.e., Strombolian eruptions) in more detail, we first run a detection algorithm 

across the continuous data stream to separate explosions from background tremor.  

The easiest way to perform detections is to apply a (multi-channel) trigger followed by a 

coincidence estimate. Here, we keep the detection algorithm as simple as possible and apply a 

standard recursive STA/LTA trigger algorithm followed by a coincidence sum estimation both 

implemented in ObsPy (Megies et al., 2011). In the following a three channel (vertical 

component) coincidence on data of all parallel seismometer deployments (TOR2, CPL2, CROC; 

Figure 3 a): Stacking the waveforms of all type 1 events using the Up/Down (Z)-component of 

translational motion (upper panel a)) and North/South (N)-component of rotational motion 

(lower panel a)) of  station TOR2 in the frequency band 0.1 - 1 Hz. The stacked result is 

indicated by the uppermost red and blue line, respectively. The number of cluster members is 

given on top of the figure 
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s. figure 1) was used together with a coincidence sum of at least two, i.e., the explosion needs to 

be seen on at least two stations (see Appendix C for detailed settings). The application of the 

detection results in more than 1400 individual positive triggers during the approx. 10 days of 

recording. A visual inspection of the trigger performance revealed a high number of false 

triggers, which was accepted as the next analysis step will filter out most of these false triggers. 

This step consists of cross-correlating the individual triggered seismograms and the following 

cluster determination .  

The waveform features to be further analyzed consist of the corresponding cross-correlation 

functions, which were computed for each combination of waveforms from the Z-component 

(vertical) channel of station TOR2. While the station TOR2 was chosen because of its overall 

best signal-to-noise ratio, the Z-component of the seismometer appears to be the “cleanest” 

record without any additional signals involved (e.g., tilting of horizontal components; spurious 

spikes on the rotational components). The corresponding time interval was estimated by the 

trigger onset time including a pre-trigger buffer. All traces were cut to the same length (80 s) and 

Figure 3b): Stacking the waveforms of all type 2 events using the Up/Down (Z) -

component of translational motion (upper panel a)) and North/South (N)-component of 

rotational motion (lower panel b)) of  station TOR2 in the frequency band 0.1-1 Hz. The 

stack result is indicated by the uppermost red and blue line, respectively. The number of 

cluster members is given on top of the figure. 
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pre-filtered in the frequency band between 0.1 - 1 Hz to enhance the correlation result. In 

addition to the maximum correlation coefficient and its associated dissimilarity coefficient (i.e., 

1 – maximum correlation) also the shift needed to achieve this correlation was memorized.  

To discriminate different clusters the python based DBSCAN algorithm (Schubert et al., 2017, 

Pedregosa et al., 2011) was applied to the calculated dissimilarity matrix. DBSCAN was chosen 

as a priori knowledge on the number of possible clusters is not needed and because of its rather 

simple parameter setup (only two parameters are to be selected; Schubert et al., 2017). The core 

data model of DBSCAN uses a minimum density level estimation and is based on a threshold of 

Figure 4: Unfiltered stacked waveforms of type 1 (a) and type 2 (b) explosion quakes at station 

TOR2.The first three traces corresponds to the rotation rate and the fourth to six traces in blue to 

the tilt-corrected translational motions, respectively. Underlying the blue traces are the original 

stack result of the horizontal translational components, which are only visible at type 1 a). In c) 

and d) the traces are integrated to be proportional to ground displacement and rotation angle, 

respectively. 

TOR: Type 1 

a) 

c) 

TOR: Type 2 

b) 

d) 
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numbers of neighbors, which are within a search radius with an arbitrary distance measure 

(Schubert et al., 2017). Only two parameters have to be selected: the radius (and its measure) and 

the minimum numbers of neighbors to nucleate a cluster. Applying the DBSCAN algorithm to 

the dissimilarity matrix with an Euclidean distance radius of 0.15 and a minimum samples 

number of four resulted in two distinct and populated clusters. It has to be kept in mind that the 

search radius is not directly mapped into similarity or dissimilarity as also bridging samples are 

allowed (i.e., density connected points). As additional constrain and to better control the stacking 

process only those traces were used for which the cross correlation exceed the value of 0.7.  

Figure 3 shows the individual cluster members and the final stack for the corresponding clusters 

of type 1 and 2 for the filtered (0.1 – 1. Hz) vertical component of seismic station TOR2 (red) 

and the corresponding rotational component of the N-axis (blue). In the case of the rotational 

motion recordings the stacking only will successfully increase the signal-to-noise ratio of the 

desired signal, if the individual signals to be stacked are exceeding the instruments self-noise 

level, which is around 10-30 nrad/s in the frequency band between 0.1- 4 Hz (Bernauer et al., 

2018).  

Stacking the data was finally performed using the timing of the estimated cluster 

members for all available stations and channels without pre-filtering. Stacking of the traces 

intrinsically assumes that the source location as well as the source mechanisms are- within 

certain bounds - equal. As the cluster discrimination was based on cross correlation of band-pass 

filtered traces, we cannot expect that the source area and the source mechanism is better resolved 

as within the chosen tight frequency-wavelength bounds. By stacking the unfiltered traces, 

however, we perform a “data-driven” low-pass filtering, which might result in a better resolution 

of the wavefield properties at least in the best case. Figure 4 gives the 6DOF recordings of the 

Figure 5: Amplitude spectra of the individual cluster members in red and the amplitude spectra 

of resulting stack in black are shown in their three components. In a) the corresponding spectra 

of type 1 and in b) the spectra of type 2 are shown, respectively. All shown spectra are 

proportional to ground velocity recordings of translational seismometers. 

a) b) 
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corresponding stacks of type 1 and type 2 for station TOR2. The improved signal-to-noise ratio 

of the stacks (Fig. 4) now makes a detailed analysis of the corresponding signals more feasible. 

Especially in the frequency range between 0.1 to 4 Hz an enhancement of the signal to noise 

ratio is visible (Fig. 5).While until this point not much new information is gained by the use of 

6C recordings, the polarization properties of 6DOF (Sollberger et al., 2018; 2020) recordings 

makes it now possible to strip down the seismograms to their individual wave field components. 

Figure 6: Likelihood maps resulting from the 6DOF polarization routine after Sollberger et al. (2020). The 

spectrogram (Stockwell (S-)transform; Stockwell  et al., 1996) corresponds to the component wide averaged 

amplitudes of the rotational recordings. The colored traces below represent the up/down, north/south and 

east/west translational accelerograms of the stacked type 1 events. In order to highlight those portions of the 

signal where the rotational signal has the highest signal-to-noise ratio, the opaqueness of likelihood maps is 

driven by the averaged spectrogram. The highest likelihoods (warmer colors) are visible for the SV and 

SH/Love wave polarization models. While Rayleigh wave models appear to be rather unlikely, the P-wave 

model shows a higher likelihood in the frequency band between 0.1 - 4 Hz as well. 
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6DOF analysis 

Several authors have claimed that using 6DOF polarization analysis makes it possible to 

gain similar information about the content of a wavefield as by using an array of seismic 

translational motion sensors. Most of these claims were either based on theoretical 

considerations (Donner et al., 2017; Sollberger et al., 2018) or restricted to back azimuth 

estimations of Love waves and the corresponding apparent phase velocities using high quality 

ring laser data (e.g., Igel et al. 2005, 2007, 2012; Yuan et al, 2021).  

Up to now only few measurements were performed directly at or near earthquake ruptures or 

volcanic sources (e.g., Wassermann et al., 2020). A first step into the direction of a full 6DOF 

polarization analysis was done recently by Sollberger et al. (2020) again using high quality ring 

laser rotational signals. In principal, the 6DOF analysis by Sollberger et al. (2020) is estimating 

the wavefield properties by additional constraints on the polarization properties of the different 

wave-types  in the rotational motion signal. In a grid based or global search a 6DOF polarization 

model vector, consisting of P- and S-wave velocity, incidence angles, back azimuth a possibly 

ellipticity, is tested against the data (mainly amplitude ratios, and amplitudes on different 

components). This test results in a likelihood or residuum or the inverted ratio of  the noise-

subspace as similarity measure.  

We apply exactly the same procedure as described in Sollberger et al. (2020) to analyze the 

estimated stacked and differentiated translational seismograms (i.e., accelerograms) as well as 

rotational motion rates. Inherently, we assume that the stacked traces preserve their overall 

behavior though possibly higher frequencies are suppressed. As a further step we also apply a 

dynamic tilt correction to the signals of type 1 as they appear to show tilts on the horizontal 

components in the lower frequency range. In so doing, we apply a modified version of the 

technique described by Bernauer et al. (2020) using directly the rotational signals as input for the 

correction. 

By applying the 6DOF polarization analysis to the results of the clustering and stacking 

several assumptions are made. Beside the assumed common source location and source 

mechanism during stacking, the application of the method by Sollberger et al. (2020) 

additionally is strictly only valid for plane wave propagation in the far field of the source. A 

further restriction is the under-critical incidence of SV-waves to the free surface. While in 

principle possible in theory, the application of 6DOF polarization analysis is further restricted by 

presence of noise in the signal, which make the estimates of the corresponding phase velocities 

as well as the incidence angle quite unreliable. As we want to demonstrate what is possible even 

with a sparse monitoring network, we first ignore these restrictions and will revisit them later. 

The application of the 6DOF analysis revealed some surprising details about the wave 

field composition during the explosion quakes (Fig. 6 & 7). While the complete set of 6DOF 

analysis results (TOR2: type 1, type 2; CPL2: type 1, type 2) are shown in the appendix A, we 

will focus here on the station TOR2 and type 1 event as this combination shows the overall best 

signal-to-noise ratio. The likelihood estimates, i.e., the measure how good does a particular 

polarization model fit the data, shows a preference to SV/SH-type motions at least in the 

frequency range between 0.1 –  4 Hz (Fig. 6). For higher frequencies the averaging property of 

the waveform stacking as well as the increasing influence of other signal sources (e.g., acoustic 

signals) the 6DOF estimates appear not to be too reliable, but a trend towards Rayleigh-type 
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waves has to be mentioned. While it is impossible to distinguish between Love and SH-waves 

without further assumptions (i.e., velocity model), it is clear that the wavefield during an 

explosion is dominated by SV-type motions rather than Rayleigh waves. Noting the close 

distance to the source region, the analyzed frequency band and the range of wave speed, the lack 

of surface waves regardless of its type can be easily explained. At this point, we also want to 

clarify the terminus “explosion quake”, in contrast to regular (chemical) explosions, volcanic 

explosions are modeled as a combination of tensile faulting and isotropic motion (e.g., Chouet et 

al., 2003), which generates a significant amount of S-waves also visible in this study.  

The 6DOF analysis also makes it possible to estimate the back azimuth (BAz) and 

velocity of the corresponding wave package as well as the incidence angle at least in case of SV-

waves. Figure 7  gives the corresponding estimates for the SV-wave model. The BAz shows a 

large variation around the directions towards the craters with a tendency to point towards north-

Figure 7: Detailed results of the 6DOF polarization analysis applied to the stacked traces of type 1 

event at station TOR2 and the SV-wave model. The corresponding likelihood times the normalized 

averaged spectral amplitude map of the rotational motion components are used as opaqueness to 

emphasize the time-frequency bins where the model fits the data best and sufficient wave energy is 

recorded. For better visibility the opaqueness is clipped at values higher than 0.7. The BAz and the 

incidence are measured from north and vertical, respectively. Jo
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west (blueish colors). The incidence angle indicates a very deep source and/or a steep traveling 

SV-wave. This, however, is in contrast to the incidence-angle estimates of the P- and SH- wave 

models not shown here but indicating a much larger, possible overcritical incidence (see 

appendix A). The most likely explanation for this obvious discrepancy is a violation of the 

assumptions inherently made in the 6DOF polarization analysis. Sollberger et al. (2018, 2020) 

restrict the valid incidence angle of SV-waves to under critical incidence, which is in case of 

Stromboli as low as 30° from vertical.  

In order to evaluate the capabilities of 6DOF measurements to locate the origin of the seismic 

waves produced during explosions with somewhat reduced number of assumptions, we next 

choose a more statistical based approach to evaluate the wave field rather than applying a 

detailed wave type model on already averaged (stacked) signals.  

 

ROCHADE (Rotational multi CHannel Arrival Direction Estimation) 

Because of its computational costs the 6DOF polarization analysis in its present form is 

only applicable to a few selected events rather than to a continuous data set. In order to estimate 

the main direction of different types of the volcanic explosion signals and the background signal 

known as volcanic tremor, we apply a technique developed for the analysis of ambient noise in 

the framework of microzonation or continuous seismic signals (ROLODE/ROCHADE; 

Wassermann et al., 2016; Wassermann et al., 2020; Keil et al., 2020; Yuan et al., 2021). In this 

case neither the velocity nor the incidence angle are accounted for, which are also the most un-

reliable estimates when the (rotational) signal amplitudes are low, but only the direction estimate 

is used for further interpretation. The basics of the ROCHADE algorithm consist in a rather 

simple orthogonal distance regression (ODR) approach in case of horizontal rotational motions 

(SV-type waves), and a combined search for best fitting rotation of the horizontal translational 

accelerograms and a successive ORD validation of the fit between transverse acceleration and 

vertical rotation rate in case of probing for SH-type waves (Wassermann et al., 2016; 2020).  For 

a flat, layered earth the azimuth estimation should be unbiased even if close to the source. In 

doing so, either the horizontal components of the rotation rate are used, which contains the 

SV/Rayleigh type waves, or the vertical rotation rate and the horizontal components of the 

seismometer are chosen, which are sensitive to SH/Love-waves, respectively. While the BAz 

estimate of SH-waves needs the angle of rotation to be iteratively (or by a brute force grid 

search) inverted from the transverse acceleration and vertical rotation rate, SV-type waves can 

simply be tracked by using the horizontal components of the rotational motion sensors. The 180° 

ambiguity commonly present in polarization analysis, without further assumptions of the source, 

can be resolved in the simplest case of SV-type waves by comparing the resulting transverse 

rotation rate to the vertical acceleration recording of the seismometer. If the corresponding traces 

are in phase one has simply to add 180° to estimate the correct BAz value (Yuan et al., 2021; 

Wassermann et al., 2020). For SH-wave motions the 180° ambiguity can be similarly resolved 

but, in this case, adding the 180° is needed when the vertical rotational motion and the transverse 

acceleration recordings are anti-correlated. 
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Figure 8 a) shows the BAz rose diagrams of type 1 events in case of SV type motions 

(orange) and SH-waves (red) in the frequency band 0.8 – 4 Hz. This frequency band was chosen 

as the 6DOF polarization analysis revealed quite high likelihoods and significant energy for 

these two wave-models (Fig. 6). Figure 8a) also shows the weighted time-frequency averaged 

BAz estimates by applying the 6DOF polarization of Sollberger et al. (2020). Surprisingly at first 

and regardless which method for BAz estimation is used, not even at the closest station the 

estimated BAz are pointing towards the active crater region but to a region somewhere in the sea. 

While the BAz estimation of station CROC might be blurred by the faulty FOG device used at 

this location, the clear deviation of the estimates at TOR2 and CPL2 station with respect to the 

crater terrace needs an explanation. A very obvious one is: gradients and thus rotations of the 

seismic wavefield are very sensitive to local heterogeneities and thus topography. In addition, the 

orientation and type as well as the location of a seismic source with respect to the free surface 

will also play an important role. As we estimate the BAz direction using a sliding window 

approach applied to the entire event, possible strong reflections favored by the orientation of the 

radiation pattern might work hand in hand with topography to produce larger and longer lasting 

wavelets from those directions rather than the direct waves. The comparison between 6DOF 

polarization analysis and the ROCHADE estimation reveals little differences between the two 

methods in case of TOR2 station, but some discrepancies in case of station CPL2. In this case the 

analysis of the weaker SH-wave signal results in a pronounced difference between ROCHADE 

and the 6DOF polarization analysis, possibly caused by the unreliable incidence estimation of the 

latter method.  

For evaluating how much the source mechanism and the location of the source within the 

volcano (i.e., corresponding to the rough topography) might influence the BAz estimates, we 

used the spectral element-based program package SALVUS (Afanasiev et al., 2019) for 

Figure 8: BAz rose diagrams of SV- (orange) and SH-(red) wave types using the 6DOF 

measurements and the ROCHADE algorithm. In a) the BAz findings using the classified type 1 

events are shown, while in b) the same algorithm is applied on synthetic data using a tensile 

point source mechanism located at 200 m a.s.l, shown in a beach ball representation in blue and 

white colors. For computing the corresponding synthetic seismograms the program package 

SALVUS (Afanasiev et al., 2019) was used. The red and yellow arrows are the weighted time-

frequency average estimates of the Sollberger et al. (2020) approach (Fig. 7 for SV-type 

waves). 

a) b) 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



JVGR 

 21 

computing synthetics of several different source positions and mechanisms. The details of the 

model setup are given in the Appendix B. Figure 8 b) gives the BAz estimations using a tensile 

fault mechanism (shown in blue as beach ball representation) located at the location of the 

craters but 200 m a.s.l., i.e., 400 – 500 m below the free surface and with fault plane orientation 

that follow the known orientation of the dike system at Stromboli volcano. As source time 

function a Ricker wavelet with a central frequency of 1.5 Hz is used. The synthetic data are 

treated the same way as the real data (bandpass between 0.8 - 4 Hz) but the energy maximum is 

obviously centered at 1.5 Hz. Even in this simple example (homogenous velocity model) a 

significant deviation of the “true” directions at all locations can be recognized. 

 Figure 9 gives BAz estimates of the different signal models from a four-hour 

synchronous recording of volcanic tremor at all three 6DOF stations (red - SH-type: transverse 

acceleration vs. vertical rotation rate; orange - SV-type: radial rotation rate) in the frequency 

range 0.8 - 4 Hz. This frequency band was chosen to be the same as for the strombolian eruptions 

despite the fact that the frequency content of volcanic tremor is much more restricted to the band 

between 0.8 - 2 Hz. In contrast to the estimates at station TOR2, which point more or less 

directly towards and is located closest to the activate vents, the results at location CROC and 

CPL2 show a significant portion of the continuous wavefield coming from the opposite direction 

of the craters. The reason for this 180° ambiguity might be explained again by reflections of the 

waves at the steep dipping topography surrounding CROC and CPL2.  

Another point to be explained is the obvious misalignment of the rose diagram from 

station CPL2. The SV-type BAz values are pointing slightly more south from the crater terrace. 

A closer inspection of the estimated directions revealed that the BAz estimates are following the 

topographic contour lines quite well and thus indicate a very shallow position of the source at 

Figure 9: a) Rose diagrams of BAz estimation using SV-waves (orange) and SH-waves (red) of 

volcanic tremor within the frequency band 0.8 - 4 Hz. The 180° ambiguity at station CROC 

and CPL2 for the SV-type waves again indicates possible free surface reflections at the 

topography of the volcano. b) corresponding BAz estimates using synthetic data of a source 

located at the crater terrace. The agreement of the direction between the real and synthetic SV-

type motion estimates indicates in this case a very shallow source location. 

a) b) 
Jo

ur
na

l P
re

-p
ro

of

Journal Pre-proof



JVGR 

 22 

least in the case of the volcanic tremor signal analyzed here. Again, we try to support these 

findings by computing synthetics. In figure 9 b) the BAz is estimated applying the ROCHADE 

algorithm on a synthetic data set computed using SALVUS (Afanasiev et al., 2019). In this case 

the same tensile mechanism shown in figure 8 is located now at 600 m a.s.l and thus only 

approximately 100 m below the crater terrace. Surprisingly in this case the BAz estimates of 

synthetics and the real data are matching quite well indicating a very shallow source location of 

the volcanic tremor centered at the crater terrace (see figure 9 a and b). In the synthetic case the 

SV-type motion at CPL2 is polarized parallel to the isohypses as well. While the shallow source 

depth of volcanic tremor was already proven in several other studies, it is important to note when 

looking on figure 9b) that even at a station further away (LISC) a still significant mis-alignment 

of the SH-type BAz is visible even in the simulated seismograms. 

Finally figure 10 gives the BAz estimates of the type 3 jetting events. For this signal class 

we divided the ROCHADE analysis into two different frequency bands: 0.8 - 4 Hz (Fig. 10a) and 

4 - 20 Hz (Fig. 10b) in order to account for the pronounced higher frequency content of this 

signal class. While the BAz estimates of type 3 events in the lower frequency band (0.8 - 4 Hz) 

and thus the start phase of the signals are more or less consistent with the dominant directions 

found for type 1 and 2 events and thus indicating a similar position of the starting phase of these 

events, the later appearing, long lasting and higher frequency part of the signal (4 - 20 Hz) 

indicate a different source position for this part of the wavefield. In fact, TOR2 data points to a 

region, which coincides with the direction to a later visible newly developing vent. However, the 

direction finding at station CPL2 indicates a completely different travel path. To explain this 

deviation, we are revisiting the recordings of the individual events. Assuming for now a plane-

wave propagation the amplitudes of translational acceleration scales with the corresponding 

rotation rate. The scaling factor is then simply a multiple of the apparent wave velocity (e.g., Igel 

Figure 10: BAz estimates of signal type 3 (see Fig. 2) by the ROCHADE algorithm. While in 

a) the resulting directions in the frequency band 0.8 - 4 Hz, which represents the starting phase 

of the signal, indicate a similar source position as in case of type 1 & 2 events, in b) differing 

directions are estimated in the frequency band 4. - 20 Hz . Direction estimates based on TOR2 

data are pointing approx. towards the later visible new vent. BAz estimates at CPL2 are 

indicating completely different wave paths. 

a) b) 
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et al., 2005).  A rough calculation of the ratio of the corresponding envelopes of the filtered (4 - 

20 Hz) acceleration and rotation rate gives values of speed of sound or below. Evidently the 

large amplitude, high frequency part of the type 3 signal seems to be caused by air or air – 

coupled waves rather than pure elastic waves. With this in mind a possible explanation of the 

estimated direction for CPL2 would be caused by an acoustic reflection at the summit area of 

Stromboli or the steep cliff located just behind the station. What remains unclear, however, is the 

mechanism, which transform air waves into the ground as SH-type motion, and is clearly to be 

seen in figure 10b) focusing on the red rose diagram. A further puzzle to be solved is the absence 

of a clear signal on the infra-sound sensors, which are deployed close by. A part of the reason for 

this absence is the transfer function of the deployed sensors, which are not fully capable to 

record the higher frequency portion of the signals. 

 

4 Concluding Remarks 

The first application of a multi-station recording of 6DOF seismic motion at an activate 

volcano revealed the high potential of the new information provided by the rotational 

components of motion. The property of rotational devices to act as a wave polarizer, i.e., their 

sensitivity only for S-wave like signals, is one of the key points in using rotational motion 

sensors. In case of the wavefield at Stromboli volcano it is clearly visible that large portions of 

the wavefield are made up by SH- and SV-type motion, respectively. In contrast to this surface 

waves do not play an important role, at least in the considered frequency band between 0.1 – 4 

Hz and the close range of distances to the active sources present in this study. While this finding 

is not entirely new, similar results were published using seismic array data including a much 

larger source-receiver distance (Chouet et al., 1997), the substantially simpler installation 

procedure of a single site to achieve these estimates is a key motivation to apply 6DOF on 

activate volcanoes. Another key point of the analysis presented here is the identification of 

different types of seismic events. While it is interesting to recognize  that some events seem to be 

better visible on the rotational motion devices, this can simply be explained by the different 

frequency content of the signals. Rotational rate motions are proportional to acceleration when 

assuming simple plane-wave propagation. Thus, differentiating the seismometer recordings (or 

simply high-pass filtering) will result in a comparable signal-to-noise ratio. 

At the same time, it also becomes clear that the high sensitivity to local and structural 

effects makes a direct interpretation of the combined signals, i.e., rotations and translations at 

least difficult. Care must be taken as soon as topography or local velocity variations play a more 

dominant role, which makes the comparison of the findings with adequately computed synthetics 

inevitable. However, this high sensitivity to local structure can also be used to increase the 

resolution of structural as well as source mechanism investigations. Combining the technique of 

estimating local 1D velocity profiles (e.g., Keil et al. 2020) or completely correct for the local 

effects on the strain tensor (Singh et al., 2020) will lead to a much more precise near station 

velocity model. Using this together with the increasing computer resources and easier to be 

handled and accurate solvers (e.g., SALVUS; Afanasiev et al., 2019) a much more reliable and 

possible more detailed moment tensor inversion seems to be feasible (Bernauer et al., 2012; 

Donner et al., 2017). Yet, a higher sensitivity of the currently available rotation sensors is still 

necessary to reach these goals. In order to exploit the full potential of this new information much 

stronger seismic signals are needed as they were present during the 2018 activity at Stromboli, 

which, on the other hand made a near source observation possible in the first place. 
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Highlights: 

  First six-degree-of-freedom measurements with a network of rotational motion sensors at 

an active volcano 

  Identification of three visually different types of explosion quakes at Stromboli  

  Localization of volcanic sources using the concepts of six-component polarization 

analysis  

  Synthetics and real data reveal complex wave field in the near field of a volcanic source 
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