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Abstract

We characterize $117$ seismic events occurred in Chile and registered at the Wetzell Geodetic Observatory (BWLRAS) in
Germany in terms of rotational seismic parameters. Using the Minimum Curvature Interpolation method, we create a $2$D
map with the Vertical Rotation Rate (VRR) divided in three zones from the Chilean Coast: Northern, Central, and Southern
area. In order to describe the behavior of VRR along time, we create a timeline and seismic moment model showing events in
these areas with different values of VRR. The analyzed data includes four large earthquakes occurred in different zones with
magnitudes greater than $M_w$7.5. We focus our analysis in the values of the rotational velocity for these earthquakes and
show that the VRR does not have a clear relation with the seismic moment magnitude. Our results open a new way to describe
and study seismic events. It can be useful to generate a deeper understanding of the dynamics in the underlying processes
involved in the earthquake occurrence. As well, our results could serve to improve safety regulations in construction and mining,

since important rotational movements may be present even within low moment magnitude events.
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ABSTRACT

We characterize 117 seismic events occurred in Chile and registered at the Wetzell Geodetic Observatory (BWL-
RAS) in Germany in terms of rotational seismic parameters. Using the Minimum Curvature Interpolation
method, we create a 2D map with the Vertical Rotation Rate (VRR) divided in three zones from the Chilean
Coast: Northern, Central, and Southern area. In order to describe the behavior of VRR along time, we create
a timeline and seismic moment model showing events in these areas with different values of VRR. The analyzed
data includes four large earthquakes occurred in different zones with magnitudes greater than M,,7.5. We focus
our analysis in the values of the rotational velocity for these earthquakes and show that the VRR does not have
a clear relation with the seismic moment magnitude. Our results open a new way to describe and study seismic
events. It can be useful to generate a deeper understanding of the dynamics in the underlying processes involved
in the earthquake occurrence. As well, our results could serve to improve safety regulations in construction and

mining, since important rotational movements may be present even within low moment magnitude events.
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1. INTRODUCTION

Chile is located in a seismic active zone in South America. This great activity is produced by the shock between
the Nazca plate and the South American plate. During the last 60 years more than 7 earthquakes greater than
M,,7.0 have occurred along the Chilean coast, producing significant disasters like the well known event at 1960
in Valdivia, with a magnitude M,,9.5' and the event at 2010 in Maule with magnitude M,,8.8.1:2 In previous
articles, almost the complete Chilean coast has been studied by GPS, and the zones with high and low seismic
coupling between the plates involved in this shock have been identified.*# This type of analysis allows us to make
an overview of the so-called seismic gaps.”” It is known that between two large seismic events within the same
region, the plates accumulate strain energy. In Chile we have experienced 4 large earthquakes with magnitudes

greater than M,,7.0 from 2010 up to the present along the subduction zone, giving a complex scenario for the



people living there. Although the seismic activity in Chile has been widely studied,®*® the rotational ground
motion has not been considered in those explorations due to the fact that in general it can be neglected against
the translational ground motion, which is orders of magnitude larger. Nevertheless, there are small tilt effects
embedded in strong-motion earthquakes that cannot be ignored in the processing of seismic data, specially in

the calculation of permanent displacements and long-periods.’

Two types of surfaces waves propagate along the surface of the Earth: Rayleigh and Love waves. The former
result from an interaction of P-waves and SV-waves (vertically polarized) with the free surface, generating an
elliptical retrograde ground displacement in the vertical plane. The latter are generated by the interaction of
horizontally polarized S-waves with the free surface, generating a horizontal transverse motion. Because of that,
Love-waves propagate faster than Rayleigh-waves. In terms of rotational motions, both Loves and Rayleigh

10,11

waves have non-zero rotational components and are dominant features on the seismograms in the range of

10 — 200 s. Most of the reliable information (like phase velocities) on the long period part of seismic source
spectra is obtained from surfaces waves.”

Different sensors have been developed in order to measure rotational ground motion in seismic waves.!? 13

The rotation rates expected and observed in seismology can vary from 10~! rad/s'*1® for near seismic sources
to 10~ rad/s for large earthquakes at teleseismic distances.”!! Since this range of possible measurements is
extremely wide (200 dB), it is hard to imagine a single instrument capable to run such measurements, and even
more unlikely is to imagine a measuring system with resolutions of the order of 101! rad/s for large earthquakes

at teleseismic distances.'3

However, a relatively new type of sensor based on optical interference patterns has been achieved. Laser-type
gyroscopes are optical sensors with the highest sensitivity and the best accuracy for collecting rotational seismic

data for both, near the source and teleseismic events.!!

Such a laser-type giroscope is available in Germany. Since 2001 the G-Ring laser interferometer has been
operating at the primary geodetic and seismological station at Wettzel,'? which belongs to the Rotational Motion

for Seismologist project (ROMY).

This G-Ring interferometer sensor has registered at least 17,000 events around the world and the data is an

open database since 2007.'2

A recent article has shown the impact of the rotational ground motion on the structural response of build-
ings.'® In this sense it becomes important to study rotational seismic parameters, in order to establish new
knowledge about seismic waves that could allow the optimization and improvement of current seismological

models to explore deeper the internal structure of the earth. This new knowledge has the potential to improve



as well civil works within mining, construction, geothermal stations, among others. In this paper we analyze
seismic events registered by the Wettzel Geodetic Observatory database (BWLRAS) along the coast of Chile.
We characterize rotational parameters for earthquakes occurring within this active seismic zone since 2007 in
terms of the Vertical Rotation Rate (VRR). We present our results with the main objective of generating a better
understanding of how the rotational velocities could affect the vicinity, and if they are related in any form with
the seismic moment magnitude. This characterization is carried out through a 2D map of 117 events registered
in Chile and a 3D time-line and seismic moment modeling, all in terms of the VRR. The paper is organized as
follow. We first recall the theory of rotational seismic motions. We then present, in Sec. 3, the methodology of
our characterization. We present our characterization results in Sec. 4 and discussions is presented in Sec. 5.

We give our conclusions and remarks in Sec. 6.

2. THEORY OF ROTATIONAL SEISMIC MOTIONS

General elasticity theory serves to describe the behavior of seismic waves. We consider an infinitesimally small
deformation for a finite-body particle. For displacements of two arbitrary points located at x and z+dx we

have:10

w(z + 6x) = u(z) + €6z + w X x (1)

where the terms edz and w X x are related with the strain and rotation second order tensors respectively. In

particular, w can defined as:

w = %V x —u(x) (2)

the angle of rigid rotation generated by the disturbance. This vector does not enter in the Hooke’s law. Eq. 1
illustrates that three components of translation, six components of strain and three components of rotation are

needed to fully characterize the change in the medium around point x.

Consider a plane wave propagating transversely through an isotropic and homogeneous media with a dis-
placement given by!?

X-n

yU(x,t) = UpW(t — T) (3)

with U the wave amplitude, p the polarization, W the normalized wavefront, and n the wave plane direction
moving with a phase velocity ¢. The expression (x,t) corresponds to (z,y,z,t) vector. From Eq. 3, we can

obtain the particle velocity



X-n

V(x,t) = UpW (t — =) (4)

Then, we can consider a temporal derivative in Eq. 2, to obtain the rotation rate, which is defined as'®

. 1 U . X-n
Thus, the divergence V - V(x,t) is associated with a plane wave as
U .
v.V(x,t)z—;p-n(t—¥). (6)

Particularly for a homogeneous medium, the P-wave is free of rotational effects because it is parallel to the
polarization. Then ¢ = V), since n X p = 0. On the other hand, the S-wave is orthogonal to the polarization,

which means that n-p =0 and ¢ = V.

Hence, for an elastic, isotropic, and homogeneous medium, rotational effects are restricted only to S-wave
propagation. In other words, if = 0 and the divergence is = 0, the incident wave is P-wave while if 9) # 0 and the
divergence is zero, then the incident wave is an S-wave. This point is important since it tells us that translational
motion is not detected by rotational sensors and hence, there is a natural split between P and S waves. The
sensor used here is the Ring Laser Gyroscope (RLG), which is based on the Sagnac effect,'” where two laser
beams traveling in a enclosed fiber-optic loop in opposite directions display interference phenomena. When there
are rotational motions, phase changes and beat frequencies can be observed between the two counterpropagating
beams. Measuring frequencies is much more convenient than measuring phase differences since in can be measured

with higher precision. The beat frequency that appears is proportional to the rotational rate'®

B 4AnQ)

Av P

(7)

where A is the area inside the interferometer, P is the perimeter of the device, A the wavelength of the laser,

and n is the unit vector perpendicular to the laser ring area.

The sensitivity of such a device can be improved by increasing the number of loops in the interferometer.
At the German station, three fiber optic gyroscopes are assembled together with perpendicular normal vectors,

to create a 3D-component sensor and hence allowing the measurement of rotational rates in all directions.2°

Under the assumption of a transversely polarized plane wave, the vertical rotation rate Q, (VRR) and
transverse acceleration a; can be combined.!! In this case, both VRR and a; are in phase, and the amplitudes

are related by



— =—-2c (8)

where c is the apparent horizontal phase velocity. In this context, it is also possible to estimate the backaz-

imuth through the correlation between vertical rotation rate and transverse aceleration.

3. METHODOLOGY

We make use of the BWLRAS open database available at ROMY website'? to obtain rotational parameters. The
RLG 4x4 interferometer has a self-noise resolution of 60 x 10~ (rad/s)Hz~1/2, which allows to record small
(Mw <6.0) teleseismic events at reasonable signal-to-noise ratios (SNRs) as well as Earth’s free oscillations. The
seismic events measured by the open database are described by the epicenter, the moment magnitude M,,, the
date and the depth. These values are obtained by scripts that are fed by quick Centroid Moment Tensor (CMT)
solutions provided by the Global CMT catalog,?' which means that earthquakes locations comes from known
seismic catalogues. The rotational parameters are obtained by a time windows that it is selected from the G-ring

in order to obtained vertical rotation rate.

The open database has a web interface where waveform data of rotational and translational ground motions

can be processed. This database contains the following information

1. Event background information (location, time, date, M,,, latitude, longitude and depth)
2. Vertical rotation rate (VRR), Transverse acceleration.

3. Parameter Estimation: Love—wave phase velocity, back azimuth and P—coda analysis.

Since 2007 to 2018, the BWLRAS has recorded more than 17,000 events around the world. In our paper
we use a data set in the range of 0.7—1.0 of cross-correlation (CC)'? that cover an area between the 18° South
Latitude and 42° South Latitude, and between 75° West Longitude and 66° West Longitude, which basically
correspond to Chilean coast as shown in Fig. 1. For this analysis we use events with magnitudes between M,,4.5

and M,,8.8. The total number of data analyzed is 117 events.

The database described above has spatial information of rotational seismic events occurred in Chile. Because
the location of each events are obtained by a seismic catalogues, no spacial resolution are available. Within this,
we estimate the VRR data through an interpolation method in order to construct a contour map representative
of each area using the Minimum Curvature (MC) algorithm.?? This is a fast, versatile interpolation method that
produces an optimally smooth surface that is visually appealing for a better interpretation of data. The surface

is created over a grid which is defined by the Longitude (X), Latitude (Y') and VRR as shown in figure 2.
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Figure 1: Map of the geographical position of the 117 seismic events along Chile recorded by BWRLAS station since
2007 to 2018 in a range between 0.7 and 1.0 CC. These events include moment magnitudes between M,,4.5 and M,,8.8

in a range of 17 km and 153 km of depth, since 2007 to 2018. The database is separated in three areas: Northern Chile,
Central Chile and Southern Chile.

From this database and considering the Latitude, Longitude, date and M,, of the events, we interpolate the
VRR in two models. The first is a 3D Timeline Model where the temporal evolution of VRR is studied. The
second is a 3D Seismic Moment where the VRR is evaluated against the Mw where the released seismic energy
is analyzed in terms of rotational seismic velocities. Both models are created considering the Inverse Distance
Weighting (IDW),?* which is method for multivariate interpolation where the set of data are displayed over a
regular mesh and assigned as interdependent variables in terms of the distance between them. All the unknown

points are calculated with a weighted average of the values available from the known points.??



VRR

Figure 2: MCI schema used for the interpolation of rotational seismic data. The interpolation occurs when a grid
vector (black arrows) fits smooth surfaces (black lines) between a set of data. Each point of the interpolation generates
a regular grid which is defined by the dimension of Latitude, Longitude and VRR. The result of this interpolation is a

2D contour map where the contrast of colours correspond to different values of VRR distributed over the map.

We study the correlation between M,, and VRR by using the Spearman Rank (SR) correlation method, which
is a robust and consistent non-parametric measure of rank correlation between two statistical variables.?* It is

defined as
6> " D?
P =1—= i=1"1
P n(n? —1) 9)

where D; is the difference between the rank of two variables.

The SR evaluates the correlation of two variables using a monotonic function. If there are no repeated data
values, a perfect Spearman correlation of +1 or —1 occurs when each of the variables is a perfect monotone

function of the other.

4. RESULTS

The MCI interpolation method is applied to the database at the three areas selected in Fig. 1. The interpolation
considers the Latitude and Longitude as the base area. The VRR is interpolated into this area creating a 2D map

as shown in Fig. 3. There are 3 maps which correspond to Northern, Central and Southern area of Chile. Each
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Figure 3: Interpolation of the VRR for the three zones studied in Chile, a) Northern zone, b) Central zone and c)
Southern zone. The black triangles show the seismic events registered for each zone by the BWLRAS, between 2007 and

2018. The different values of VRR are representing by the colour scale in the right hand of each maps.

maps were coloured following the normal distribution of data from each area (northern, central and southern) in
order to represent the VRR along the map and because of that, the colour legend bar on the right hand at each

map is associated with the contour curves.

Fig. 3a) shows peak values of the VRR at 20° South Latitude and 72° West Longitude with a VRR> 1.3
nrad/s. Toward the 23° South Latitude and 69° West Longitude the VRR decreases until 1.0 nrad/s, these
spatial positions correspond to intraplate events. In Fig. 3b) there are two zones between the 32° South Latitude
and 72° West Longitude with high values of VRR, around 2.2 nrad/s. In Fig. 3c) there are two hot spots of
VRR> 60 nrad/s between 34° South Latitude and 38° South Latitude and between 74° West Longitude and 78°
West Longitude. In the southern area, Fig. 3c) the higher values of VRR are concentrated in 32° South Latitude
and 72° West Longitude with 2.2 nrad/s.

In order to characterize the behavior of VRR in time and to understand how the VRR could be related to M,
for the data set Fig. 1, we compute a 3D timeline and Seismic Moment M,, model using the IDW interpolation
method in a voxel. To describe the rotational velocity, we filter the VRR data in order to observe peak values

in the Timeline and Seismic Moment. Both filters are shown on the right hand on Figs. 4, 5 and 6.



Fig. 4a) shows 33 events registered at BWLRAS from 2007 to 2018 with a M, range between 4.1 and 8.2.
Fig. 4b) shows a filter in VRR data between 1.3 and 3.57 nrad/s where we observe two main events. The first
event is directly related with the large earthquake occurred in Iquique in 2014 with M,,8.2 at 21 km of depth.
The second seismic event is related to an event of M,,5.5 occurred at 121 km of depth in the zone of Calama
city. Fig. 4c) shows the behavior of VRR as a function of M,, and Fig. 4d) shows a filter of Fig. 4c) in VRR
between 1.3 and 3.6 nrad/s. It is possible to identify a seismic event of M,4.7 with VRR of 1.6 nrad/s and
another seismic event of M,,5.5 with VRR of 1.93 nrad/s. Also we can observe the large earthquake of M,,8.2
with 2.8 nrad/s.

Fig 5a) shows 44 seismic events registered by the BWLRAS between years 2007 and 2018 in the Central
zone of Chile, with moment magnitudes between M,,5.0 and M,,8.3. Fig. 5b) shows a filter in the VRR for the
Fig. 5a) between 2.0 nrad/s and 5.0 nrad/s. Here we observe seismic events occurred along 2016 with a VRR
peak value of 3.2 nrad/s. Fig. 5¢) shows the behavior of VRR as a function of M,, while Fig. 5d) shows a filter
between 2.0 and 9.1 nrad/s in Fig. 5¢). The last figure shows a seismic event of M,,7.1 occurred at 47 Km North
West, close to Los Vilos, with 9.0 nrad/s and the large earthquake in Illapel of 8.3 M,, with a VRR of 9.0 nrad/s.

Fig. 6a) shows 40 seismic events registered by the BWLRAS between years 2007 and 2018 in the Southern
zone of Chile, with moment magnitudes between M,,4.9 and M,8.8. This figure shows a change in the value
of the VRR in time. For the M,8.8 large earthquake in 2010, the value of the VRR had an increase with two
events of M,,5.5 and M,,6.6, after this seismic events, the value of the VRR shows a decrease, but the VRR have
had an increase from the final of the year 2015. This last increase could have been reflected in the earthquake
of M,,7.6 in Chiloé, Southern zone of Chile. Fig. 6b) shows a filter of Fig. 6a) between 30 nrad/s and 149.34
nrad/s, where we observe seismic events that have occurred between years 2010 and 2016 with a VRR peak value
of 149.34 nrad/s. Fig. 6¢) shows the behavior of VRR as a function of M,,. Fig. 6d) shows a filter of Fig. 6¢) in
VRR between 30 and 149.34 nrad/s. This last figure shows seismic events of M,,4.9 with a VRR of 30 nrad/s
and seismic events of M,,5.5 with a VRR of 87 nrad/s.
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Figure 4: Timeline and Seismic Moment modeling for Northern zone of Chile. Figs. 4a) and 4b) are plotted by
Longitude, Latitude and the vertical coordinate is defined by time. In Figs. 4c) and 4d) the vertical coordinate is the

seismic moment.
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We remark the fact that the results from the 2D and 3D models show a high value of VRR in seismic events
with magnitudes lower than M,,7.0. In order to describe and understand further that phenomena, we compare
the data of VRR as a function of M,, in each area (Northern zone of Chile, Central zone of Chile and Southern

zone of Chile). These results are shown in Figs. 7, 8 and 9.

In Fig. 7 the large earthquake of 1st April 2014 with M,,8.2 shows a VRR of 3.7 nrad/s. On the other hand,
there are two events near Tocopilla city, the first one is on 14th November 2007 with M,,7.7 and VRR of 1.93
nrad/s and the second one occurred on 26th December 2007 with M,,7.7 and VRR of 1.26 nrad/s. Finally, there
are two events of M,,5.2 and M,,6.6 occurred on 6th April 2014 with 2.6 nrad/s and 2.2 nrad/s both related to
the aftershocks of Iquique 2014. In Fig. 8 the event of 16th September 2015 with M,,8.3 shows a VRR of 9.05
nrad/s. On the other hand, there is an event on the 1st September 2015 with M,,7.1 and a VRR of 9.05 nrad/s.
In Fig. 9 the event of 27th February 2010 with M,,8.8 shows a VRR of 17.4 nrad/s. On the other hand, there is
a seismic event of M,,6.6 on 5th March 2010 with VRR of 172.1 nrad/s and a second seismic event of M,,5.5 on
19th March 2010 with a VRR of 227.79 nrad/s.
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Figure 8: Correlation between VRR versus M,, for the events registered in the Central zone of Chile.
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The SR correlation gives the values showed in Table I:

Area P,

Northern | 0.4241

Central | 0.5373

Southern | 0.4241

Table I: SR correlation computed for Figs. 7, 8 and 9 from rotational seismic events measured in Chile between years

2007 and 2018.

5. DISCUSSION

The results obtained from the interpolation data measured by the BWLRAS observatory suggest that the geo-
logical subduction zone between Nazca and South America plates along Chile, as show in Fig. 3, has important

values of VRR between northern, central and southern area.

In particular the VRR map from the Northern zone of Chile, Fig. 3a), shows seismic events with VRR of
1.03 nrad/s, while the map for seismic data measured in the Southern zone of Chile shows two VRR hot spots

into the subduction zone (Fig. 3c)), specifically on the neighborhood of the Maule 2010 main event.

The temporal and Seismic Moment evolution of rotational seismic velocities between years 2007 and 2018 in
each area shows an interesting result. The Northern area shows an event occurred on 26 December 2007 with a
VRR of 1.93 nrad/s at 151 Km of depth with Mw5.5, Fig. 4b). This particular seismic event had a similar value
of VRR compared with the Mw8.2 event occurred the 1st April 2014 which had a VRR of 2.8 nrad/s. For the
Central zone of Chile, the VRR evolution in time and seismic moment shows that there are two seismic events
on 1th September 2015 and 16th September 2015, Fig. 5b) with magnitudes M,,7.1 and M,,8.3 which had a
VRR of 9.05 nrad/s each one. The Southern zone of Chile, Fig. 6b), has the maximum values of VRR compared
with the Northern and Central zones. In particular, there are events with magnitudes of M,,4.9 and M,,5.5 with

values of VRR of 30 nrad/s and 87 nrad/s, respectively.

The comparison between VRR and the moment magnitude M,, for the events occurred in Chile, Figs. 7, 8
and 9, suggests that the VRR does not have a direct relationship between the seismic energy released by the
seismic events. We note that there are events with magnitude lower than M,,7.0 with a high value of VRR and
there are events with a large magnitude (greater than M,,8.0) with a low value of VRR. That fact is clear in the
Southern zone of Chile, Fig. 9 where the events of 5th March 2010, with M,,6.6 and the 9th March 2010 with
M,,5.5 have a VRR value of 172.1 nrad/s and 227.79 nrad/s respectively, which are significantly greater than the

VRR value of the main event of February 27, 2010 of M,, 8.8. This evidence is in accordance with the results



1.,'6 where rotational ground motion for building, during an earthquake, does not increase with

of Vicencio et a
the period of the structure. In this sense, we remark the importance of incorporating rotational sensors to the

current seismological networks in Chile for a full characterization of ground motions during earthquakes.

6. CONCLUSION

The database of the BWLRAS observatory in Germany has allowed us to characterize the seismic events oc-
curred in Chile between years 2007 a 2018 from the rotational point of view. This characterization allows us to
determine that the VRR yields information complementary to the traditional seismological models, through the

2D interpolation of three active seismic zones in Chile.

On the other hand, the results of the application of the 3D Timeline and Seismic Moment model suggest
that there is not direct correlation between the VRR and the moment magnitude M,,. This could mean that
there is not a correlation between VRR and the seismic energy released. Also, it is possible to remark that the
main events of Tocopilla 2007, Maule 2010 and Iquique 2014 had aftershocks with higher VRR compared with
their main events. Meanwhile, days before of the main event of Illapel 2015, there was an earthquake of M,,7.1
with the same VRR value of the large earthquake in Illapel 2015. This result suggests that the VRR and the
rotational seismic parameters could give more information related to the geodynamics of the plates and/or the

Earth’s layers in terms of the torsion exerted during an earthquake.

This study opens a new path to analyze seismic data sets, and it suggests the development of physical models
that allow a better characterization of the rotational seismic data in order to verify the results found in the
present analysis. Given the paleo-seismological context in which Chile is embedded, it has been proposed to
incorporate optical sensors to measure the rotational parameters in seismic waves for local events (through local
seismic networks), in order to expand this analysis. The last proposal is supported based on the need to gather

more information from rotational seismic waves in the near-field and far-field.
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