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On February 6, 2023, at 01 : 17 UTC, a M = 7 8 earthquake struck the southern area of Turkey near Gaziantep town and was
followed by a second earthquake of M = 7 5 at 10 : 24 UTC with the epicenter in Elbistan city. Both events were associated with
the Anatolian Fault System and have claimed over 50,000 victims, as reported by the Disaster and Emergency Management
Authority, and caused serious damage in the regions of southern Turkey and northern Syria. Seismic waves related to strong
Turkey earthquakes have been recorded both by seismic stations throughout the globe and on other devices such as the ground
deformation (GNSS, strainmeters, or tiltmeters) networks. In this paper, we show and analyze the earthquake signals recorded
by bore-hole tilt stations that monitor seismic and volcanic activities at Mt. Etna. Tilt stations showed very large variations,
despite their distance from the epicenter (approximately 1950 km) with a period between 10 and 25 seconds. We compared tilt
and seismic data for a co–located station evidencing a very similar waveform that highlight how tiltmeters respond to
translational acceleration rather than ground tilt during a teleseism, suggesting that, for waves with this period, they may
behave as horizontal seismometers. By using these signals, we evidence the different behaviors of two of the most used models
of tiltmeters on volcanoes (Lily and Pinnacle) and how they are useful for instrument calibration.

1. Introduction

On February 6, 2023, at 01 : 17 : 34 UTC, a M = 7 8 earth-
quake (37.014°E and 37.226°N) was located in Southern
Turkey, near the border with Syria, within the known East
Anatolian Fault Zone (EAFZ), at a depth of 10 km (USGS,
https://earthquake.usgs.gov/). This main event was followed
by a vigorous sequence of aftershocks with magnitude
between 4.0 and 6.0. Approximately nine hours after the
major magnitude event at 10 : 24 : 48 UTC, Turkey was
shaken by a second very intense earthquake (M = 7 5) with
epicenter at 37.196°E and 38.011°N and depth of 7.4 km
(USGS, https://earthquake.usgs.gov/; [1, 2]). In Figure 1,
we show the locations of the two main events and their focal
mechanisms, and we highlight the tectonic structures
responsible for the strong seismic release. The East Anato-
lian Fault (EAF) is a morphologically distinct and seismically

active left-lateral strike-slip fault that extends for about
700 km, forming a plate boundary between the Arabian and
Anatolian plates in southeastern Turkey. It is a complex of
structures whose distribution is highly articulated and compli-
cated, and even today, there is no unambiguous position
regarding the real segmentation of the area. The two main
earthquakes affected two of the segments in this area: the first
event is located in the Main Strand at the Nurdaği-Pazarcik
Fault, oriented N60°E and 82km long; the second one
involved theNorthern Strand, at the Sürgü Fault (SF), oriented
E-W and 55km long, according to the segmentation proposed
by Duman and Emre [3]. In both cases, these are strike-slip
faults with a left-lateral source mechanism on a vertical or
near-vertical fault, as also evidenced by the focal mechanisms
[4] whose characteristics are shown in Table 1.

The occurrence frequency of large earthquakes in Turkey
is so high because the forces at play are enormous: plate

Hindawi
International Journal of Geophysics
Volume 2023, Article ID 9030495, 9 pages
https://doi.org/10.1155/2023/9030495

https://orcid.org/0000-0001-8055-3059
https://earthquake.usgs.gov/
https://earthquake.usgs.gov/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/9030495


dynamics is dominated by the convergence between the
African plate and the Eurasian plate which started as early as
the Late Jurassic, around 100Ma. The continental collision
between plates with irregular boundaries caused the formation
of microplates and smaller blocks (such as the Arabian block)
in relative motion whichmade the picture evenmore complex.

The differential relative northward motion between the
Arabian block and African plate accelerated the convergence
of Arabia with respect to Eurasia in the early Pliocene [5], caus-
ing the westward extrusion of the Anatolian block, towards the
Aegean subduction zone, accommodated by the EAF together
with the right-lateral North Anatolian Fault [6–9].
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Figure 1: Scheck map of the line-of-sight distance between Mt. Etna and Turkey earthquake area (a). Permanent tilt network of Mt. Etna.
The stations with 1 data/sec sampling are shown in red (b). Simplified map of the study region showing the epicentral location and focal
mechanisms for both events (c).

Table 1: Focal mechanism parameters [1] (https://earthquake.usgs.gov/earthquakes/eventpage/us6000jlqa/moment-tensor).

M = 7 8 M = 7 5
Plane Strike Dip Rake Plane Strike Dip Rake

NP1 318° 89° -179° NP1 277° 78° 4°

NP2 228° 89° -1° NP2 186° 87° 168°
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Seismic waves of high-magnitude earthquakes are
recorded by the seismic stations which are also installed very
distant from the epicenter, and the Earth transmits more
efficiently the low-frequency seismic waves (<1Hz) attenu-
ating the high frequencies. The Turkey earthquake was
recorded in Italy also by the Mt. Etna Seismic Network
and also on other continuous devices such as strainmeters,
gravimeters, or tiltmeters.

The EtneoObservatory (Osservatorio Etneo) of the National
Institute of Geophysics and Volcanology (INGV-OE) is expe-
rienced in measuring continuous ground deformation by
using different kinds of instruments. In particular, tiltmeters
are a powerful tool for volcano monitoring, providing signals
with high precision [10] that accompany eruptive phases and
probably identifying eruption precursors [11].

However, bubble tiltmeters, because of their rugged con-
struction and lack of moving parts, are well suited for use as
a horizontal seismometer [12]. A joint analysis of seismic
and tilt data has shown that, for the teleseism frequency
band, the observed tilt signal is not related to the ground tilt
but to translational ground acceleration caused by body and
surface waves passing [13]. Moreover, teleseismic waves
recorded with a co–located seismometer and bubble tiltme-
ter may be used to determine the response of the tiltmeter
[14]. The reasons for using tiltmeter measurements for tele-
seisms are to define the behavior of the widespread borehole
tiltmeter models adopted to low-frequency signals and how
these signals may be used to verify the tiltmeter orientation.
Similar investigations have been achieved on tiltmeters
worldwide, as in the Kamchatka Peninsula (Russia) [15],
Chateau Observatory (New Zealand) [13] and Mount St.
Helens (USA) [14].

This work presents results of tilt recording at five differ-
ent stations of the February 6, 2023, M = 7 8 and M = 7 5
Turkey earthquakes and analyses of the simultaneous
recording of the two earthquakes to a co–located tiltmeter
and seismometer.

2. Tilt Network

Continuous tilt measurements are used for ground deforma-
tion monitoring in many active volcanic areas in the world
[16] and are usually used to record middle-short-term erup-
tion precursors (e.g. [17]). Tiltmeter data may also be used
for local and regional earthquake source studies. Fault acti-
vation causes both seismic waves which induce transitory tilt
as they pass through (e.g., [14]) and ground deformation
which is recorded as permanent offsets on tiltmeters. The
amplitude of permanent changes is related to the source-
station distance and fault slip features which are useful for
putting constraints in fault source studies (e.g., [18–21]).
For large distant events such as a teleseism, the permanent
variation is generally negligible.

A tiltmeter is a device that measures changes in the local tilt
of the Earth’s surface; the instruments that allowed obtaining
high-precision measurements may be grouped in a short base
that uses a bubble or a pendulum sensor and a long base that
uses the free surface of a liquid as a horizontal reference [22].

Borehole bubble tiltmeters represent the most common
technique used on volcanoes [16] that uses the electrolytic
bubble sensor that was first described by Cooper [23]. The
principle is that of a bubble in an electrolytic fluid inside a
small disk of a few centimeters; when the instrument tilts,
the liquid moves around the bubble, and the electrodes sense
changes in resistance as the surface covered by the conductive
liquid decreases on one side and increases on the other. A
circuit converts these changes to DC signals that are linearly
proportional to angular rotation [24]. To determine the tilt
direction, the instrument has two single-axis sensors, perpen-
dicular to one another. The electrolytic bubble tilt sensors may
be mounted on a platform housing but generally are inserted
in a cylinder for installation in a borehole (Figure 2).

Tilt systematic monitoring has been carried out on Mt.
Etna by the INGV-OE from the late 1970s, by using bubble
borehole tiltmeters [25, 26]. Up to the early 2000s, signals
from tiltmeters (AGI Mod 722 and Mod 510) in holes
between 2 and 4 meters deep were affected by environmental
noise (e.g., [27]).

Starting from 2007, we further installed deep stations
(from 10 to 30 meters) using high-resolution (10-8–10-9

radians) self-leveling instruments with onboard magnetic
compasses. Currently, Mt. Etna tilt network also comprises
three summital stations installed at a depth of 27-30 meters
[28]. All these installations are characterized by constant
temperature with low noise; this allows even the detection
of tilt tides [10].

Two types of instruments are used: the Lily model by
AGI/Jewell and the Pinnacle 5000 Series by Pinnacle/Halli-
burton, each consisting of a stainless steel cylindrical body
measuring 64mm in diameter for the Pinnacle 5000 Series
and 51mm for the AGI/Jewell Lily which contains two tilt
sensors at the base placed orthogonally to each other, a ther-
mometer, and a solid-state magnetic compass sensor. In
order to level the instruments, a motorized system enables
tilting the sensors. The borehole tiltmeters have a flat
response to ground tilt above a period of 3 sec; however,
the Pinnacle model uses a 30 sec low-pass filter intended to
reduce high-frequency noise (Figure 2).

The Mt. Etna permanent tilt network (Figure 1(b)) cur-
rently comprises 18 biaxial instruments installed in shallow
boreholes and one fluid (mercury) long-base instrument
set inside two 80m long tunnels at the Volcanological
Observatory of Pizzi Deneri [11].

At present, most of the stations are programmed for 1
data/min, including acquisition of tilt, air, and ground tem-
peratures; air pressure; and instrumental control parameters
considering this configuration is appropriate for detecting
the ground deformation signals related to volcanic activity.
On November 2022, five stations in the network were also
programmed for faster acquisition (1 data/sec), and these
stations (Table 2) have been used in this paper to analyze
the February 6 earthquakes.

3. Tilt Data

The February 6, 2023, M = 7 8 and M = 7 5 Turkey earth-
quakes caused very large changes on tiltmeters (Figure 3)
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exhibiting signals with characteristics identical to seismic
sensors with the presence of P and S waves followed by
larger surface waves (Love and Rayleigh). In particular, the
MAS station showed the largest variation with 150-200
microradians peak to peak for the first event and larger
values for the second; FAR, CIT, and EC1 recorded values
of 100-150 microradians and 30 microradians for ECP
(Figure 3); a first consideration is that the M = 7 5 signals
showed greater amplitudes than those of M = 7 8, probably
due to the alignment between the instrument direction and
the strike of the M = 7 5 fault.

We rotated the tilt data into global N-E coordinates and
directly compared the time series recorded at the different
stations, obtaining signals very similar to those of stations
equipped with the same tiltmeter model (Lily) despite being
at different distances from the earthquakes’ epicenters. ECP,
which instead uses the Pinnacle model, showed a higher fre-
quency filtered signal due to its internal filter (Figure 4).

Spectral components show a frequency between 0.04 and
0.1Hz (10-25 sec), and obviously, ECP shows a predominant
low frequency and a minor component at 0.4-0.5Hz typical
of Mt. Etna LPs whose presence is obliterated by the strong
variations of teleseism.

4. Simultaneous Recording on a Co–Located
Tiltmeter and Seismometer

The permanent seismic network located on Mt. Etna con-
sists of about 30 digital broadband 3-component stations
[29]. The February 6, 2023, M = 7 8 and M = 7 5 seismic
events had been recorded by all the stations about 4 minutes
later (01 : 21 : 30 UTC and 10 : 28 : 30 UTC, respectively) with
respect to origin time with very high amplitudes. The waves
generated by these earthquakes affected our stations for a
duration of about 3-4 hours for each event. The teleseismic
waves include P, S, and surface waves that typically appeared
most strongly in the records (Figure 5).

Of the five tilt stations, two coexist with seismic stations
(ECP and MAS); however, the ECP summit seismic station
was not functioning in February, and therefore, we have
taken into consideration the signals of the co–located station
of MAS (Figure 1) for comparison. Seismic and tilt instru-
mentations are installed in the same site (37.5791-15.0526
and altitude of 450m), and the seismic station uses a Guralp
CMG 3EX broadband sensor at 120 s. The first 10 minutes of
the three components’ seismograms of the two events
(M = 7 8 and M = 7 5) are reported in Figure 5 with particle
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Figure 2: Installation phase of a bore-hole cylindrical tiltmeter and response curves of the two sensors (Lily and Pinnacle models) used on
the Mt. Etna network.

Table 2: List of the tilt stations with 1Hz sampling.

Station Name Instrument and depth Latitude Longitude Elevation Tilt_X orient.

FAR Contrada Farelle Lily 10 meters 37.692 15.083 1017 N78°E

MAS Mascalucia Lily 30 meters 37.580 15.052 450 N272.5°E

ECP Cratere del Piano Pinnacle 30 meters 37.744 14.987 3010 N194°E

EC1 Case Ventura Lily 10 meters 37.703 14.935 1480 N122°E

CIT Rifugio Citelli Lily 10 meters 37.760 15.060 1740 N239°E
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motion of NS versus EW that evidences a seismic wave front
direction of about N80°E for both events.

We derived and converted the velocity signal in order to
obtain acceleration in m/s2 that we compared with NS and

EW tiltmeter components that we rotated by using the
instrument compass angle of N272.5°E obtaining a strong
similarity in the waveforms and amplitude with cross-
correlation coefficients between 0.93 and 0.96 (Figure 6).
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Figure 3: Tilt recorded at the 1Hz station during the two main Turkey earthquakes.
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Figure 5: Seismograms of first 10 minutes of the M = 7 8 and M = 7 5 events (a, b). Particle motion of NS versus EW components that
evidences the seismic wave front direction (c).
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We also verified the orientation of the MAS tiltmeter
changing the angle rotation of the components and com-
pared them with the seismic data in order to obtain the best
cross-correlation coefficient. We obtained a value of N271°E
as the best result, only approximately 1.5 degrees of differ-
ence with respect to the compass angle (Figure 6(c)).

5. Discussion and Conclusions

This work analyzes the signals of the strong Turkey earth-
quakes recorded by bore-hole bubble tilt sensors. Tiltmeters
recorded very high variations with a period of 15-20 sec, and

amplitude differences recorded at the various stations reflect
the site responses (e.g., [30]) while the ECP station evi-
denced the effect of the 30Hz filter mounted on the Pinnacle
instrument which was not present on the AGI/Jewell Lily
which had a flat response since 0.3 sec.

It was evident that the signals of the M = 7 5 earthquake
showed greater amplitudes particularly for surface waveforms,
with respect to the M = 7 8 earthquake as a result of different
focal mechanisms. Indeed, it is well known that relative ampli-
tudes are strongly dependent on the orientation of the observer
with respect to the fault plane of the earthquake owing to the
radiation pattern of the P and Rayleigh waves [31].
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However, the large changes recorded should not be
attributable to variations in the inclination of the ground
but to transient ground acceleration, as for periods of
2-20 sec, they behave as horizontal seismometers [12].

This means that the observed tilt (фobs) is an apparent
tilt signal, whose amplitude equals the observed seismic hor-
izontal acceleration (aobs) that is a translational ground
acceleration. Theoretically, for a propagating wave of a far-
field event, the ratio of deformation to acceleration on the
tiltmeter signal can be approximated to g/f v with f = 1/T
the wave frequency and v the velocity wave phase [32]. For
the Turkey events, where T ∼ 15 − 20 s and v ∼ 3000m s−1,
this ratio is ∼0.06, and the tiltmeter signal should therefore
be dominated by acceleration as evidenced by Fournier
et al. [13] suggesting the follow relationship:

фobs =
aobs
g

1

By using this relationship, we considered the rotated tilt
data of a co–located station (MAS) into N-E coordinates and
directly compared the time series with the derivative seismic
data for the two events and both directions (NS and EW)
obtaining a very good agreement in both waveforms and
amplitude, with very high correlation coefficients of 0.93
and 0.96, respectively. High correlation values (0.81 and
0.78) have also been found by Fournier et al. [13] for the
same instrument model (Lily by AGI/Jewell) installed in
New Zealand for a teleseism, 550 km away from the station.

The use of teleseismic data is a good tool for verifying the
absolute orientation of the tilt sensors, as well described by
Anderson et al. [14] for the Mount St. Helens tilt network.
In the MAS station case, we evidenced a very small differ-
ence (1.5 degrees) in its orientation with respect to tiltmeter
compass information. Moreover, the similarity in signals
recorded at the four stations with the same instruments
(AGI/Jewell Lily) suggests that orientations obtained by a
compass are mostly correct.

Finally, this analysis has allowed us to determine that for
a far-field event with a period of 10–25 s, tiltmeters recorded
only translational acceleration. However, Mt. Etna is a vol-
cano that normally generates LP (long period) events with
periods of about 2 s and, in specific periods, VLP (very long
period) events characterized by periods of 10–20 s similar
to those of teleseisms [33]. LP events are seismovolcanic sig-
nals linked to the magmatic fluid dynamics, and their varia-
tions over time are used to understand eruptive dynamics.
No VLP events have been recorded since the five stations were
programmed for faster acquisition; however, a possible study
of VLP tilt recording poses the problem of verifying the tilt
contribution and acceleration in order to avoid that the signals
recorded by bubble tiltmeters may be misinterpreted.
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