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Abstract: A major earthquake (M =7.0) occurred in the Samos Island on the 30th of October 2020 at 11:51 UTC. Swarm satellite
magnetic data were analysed for 153 days before and 46 days after the earthquake. Preearthquake and postearthquake anomaly search
is constrained within the Dobrovolsky’s Circular Area. Fundamentally, there are 5 steps for processing satellite magnetic data to
interpret the earthquake preparation phase. The first step is converting geographical coordinates to geomagnetic latitude and longitude.
Secondly, intensity of the external magnetic field should be evaluated by magnetic indices (Ap, Kp and |Dst). Thirdly, preearthquake and
postearthquake magnetic anomaly should be constrained through magnetic indices (Ap < 20, Kp < 3 and |Dst|<10) and Dobrovolsky’s
Circular Area. The following step is filtering short-wavelength magnetic anomalies using first time derivative and trend removal (de-
trend). Finally, anomalous residual magnetic variations of the satellite tracks are classified through RMS analysis. The cumulative number
of anomalous points (y-axis) is plotted versus the date (x-axis). R? values denote the degree of linear distribution of the anomalous tracks.
For X, Y, Z, and F components of the magnetic field, R? is computed as 0.9038, 0.8697, 0.8490, and 0.9694, respectively. Y component of
the magnetic field provided the best results in terms of interpretation. Regarding the results of the Y component, linear distribution and
deviation from this distribution are fairly distinguishable.
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1. Introduction
The major target of the precursory earthquake studies
is revealing time-dependence behaviour of the seismic
activity. Physical and statistical earthquake forecasting
models possibly shed light on natural seismic activity
and aftershock triggering. Moreover, historical seismicity
of a region may help to estimate future earthquakes. The
current precursory earthquake studies are suffering from
precise estimation of short-term seismicity. Even though
precursory earthquake analysis lack of projecting near
future earthquakes, it has a significant potential to reduce
earthquake losses (Jordan et al., 2011).
Lithospheric-asthenospheric-ionospheric ~ coupling
(LAIC) can be defined as geophysical and geochemical
variations on the lithosphere, asthenosphere, and
ionosphere (Pulinets et al., 2011; Pulinets et al., 2015).
LAICmodel was firstly defined by Pulinets et al. (1994) who
analysed aerosols, natural radioactivity, and ionospheric
electricity to demonstrate seismo-ionospheric variations.
There are many studies that indicate LAIC anomalies
during the earthquake preparation phase (Parrot, 1995;
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Troyan and Hayakawa, 2002; Tronin et al., 2002; Pulinets
et al., 2011; De Santis et al., 2015; Pulinets et al., 2015;
Akhoondzadeh et al., 2018). Marchetti and Akhoondzadeh
(2018) used magnetic scalar and vectors (X, Y, Z and F)
with electron density and temperature to monitoring
anomalies before the M = 8.2 Mexico earthquake.

Marchetti et al. (2020) linked magnetic anomalies to
seismicity 40 days before the beginning of the seismic
sequence. De Santis et al. (2019) detected magnetic and
electron density anomalies of 12 strong earthquakes by
comprehensive statistical analysis. Furthermore, LAIC
was modelled in terms of the emission of radioactive
gas and metallic ions (Freund, 2011). Sorokin et al.
(2001) suggested that electrical potential above Earth’s
surface and ionosphere vary before a massive earthquake.
Akhoondzadeh (2011) used multiprecursor techniques for
16 April 2016-M7.8 Ecuador earthquake.

A major earthquake (M, = 7.0) is recorded in the
northern part of the Samos (October 30, 2020) in the
Eastern Aegean Sea. The earthquake caused the death
of 117 people in Turkey and Greece due to the building
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collapse. Additionally, approximately 1030 injuries were
reported. After the earthquake, ground fractures and
coastal uplifts were observed (Mavroulis et al.,, 2021).
Southwest coast of Izmir and Samos Island was hit by a
moderate tsunami (Dogan et al., 2021; Triantafyllou et al,
2021). The focal depth of the earthquake was estimated
at 21 km'. Samos earthquake has been investigated by
many researchers (Aksoy, 2021; Foumelis et al., 2021;
Ganas et al., 2021; Karakostas et al., 2021; Kaviris et al.,
2021; Kourouklas et al., 2021; Kouskouna, 2021; Orug and
Balkan, 2021; Vallianatos and Pavlou, 2021).

In this study, we investigated for magnetic precursory
anomalies preceding the M = 7.0 Samos Earthquake, and
we processed data from Swarm satellite covering 200 days.

The paper will focus on characteristics of magnetic
anomaly before, during and after the October 30, 2020
Samos earthquake. In the following parts, a brief tectonic
setting of the study area, Swarm and magnetic indices data
explanation, methodology of the precursor earthquake
anomaly detection, findings and qualitative and
quantitative interpretation of the results will be evaluated.

Cretaceous aged Helenide-Anatolide orogen formed
in the southern margin of the Eurasia plate (Sengor and
Yilmaz, 1981; Robertson and Dixon, 1984; Gessner, 2001).
Alignment of the tectonic structures of the Helenide-
Anatolide orogen and Hellenic subduction zone are highly
correlated (Brunn, 1956; Diirr et al., 1978). The simplified
tectonic map of the area, which comprises Helenide-
Anatolide orogeny system and Hellenic subduction zone,
is shown in Figure 1.

Median Crystalline Belt (Diirr et al., 1978) comprises
the Paleogonian Zone, the Cycladic Zone and the
Menderes Massif (Parejas et al,, 1940). In general, the
Median Crystalline Belt is specified by Carboniferous
basement, and it is covered by Permo-Mesozoic Adriatic
Plate (Gessner. 2001).

From top to bottom, Hellenides can be divided into the
internal zone, the Vardar-izmir-Ankara Zone, the Lycian
Allochthon, the Cycladic Zone, and the external zone
(Gessner, 2001).

Western Anatolia or Eastern Aegean region tectonic
system is specified by extremely active extension and
excessive seismic activity. Pamuke¢u and Yurdakul (2008)
highlighted the relationship between focal depth and
effective elastic thickness in Western Anatolia. Dogru
et al. (2017) classified the ductile and brittle parts of the
lithospheric crust via phase characteristics of the Bouguer
anomaly data in terms of focal depths of the earthquakes.
Oru¢ and Balkan (2021) used geoid undulations to
interpret stress patterns in and around the Samos Island.
According to their results, a notable stress increase was
observed in around the Ikaria Island (Greece).

2. Data

The magnetic data used in this study have been obtained
from the Swarm satellite constellation, which is a European
Space Agency (ESA) mission that contains three identical
satellites (Friis-Christensen et al., 2006). Three Swarm
satellites, which are Alpha, Bravo, and Charlie, are identical
and Alpha and Charlie are flying side-by-side with 1.4°
longitude separation. The flying altitude of the Alpha and
Charlie satellites is roughly 450 km. Furthermore, the
Bravo satellite flies above 580 km.

Since there are three satellites, researchers can analyse
small scale variations of the lithospheric magnetic field.
The main sensors of the satellites used for measuring the
geomagnetic field are the absolute scalar magnetometer
(ASM) and vector field magnetometer (VFEM). In this
study, low resolution VEM Level 1B 1Hz data were used
for earthquake precursor analysis from May 30, 2020 to
December 15, 2020. It should be noted that ASM data for
the Charlie (Swarm C) satellite are not available due to the
problems after launch.

It is crucial that satellite magnetic data are affected
by external sources. Therefore, geomagnetic indices (D,
K and A ) are used for distinguishing seismic anomalies
from external sources associated with geomagnetic and
solar activities. The geomagnetic indices are obtained from
https://omniweb.gsfc.nasa.gov/.

3. Methods

In this study, the Magnetic Swarm Anomaly Detection
by Spline analysis (MASS) has been applied to the low
resolution VEM Level 1B 1Hz data. The applied method in
this study is quite similar to the method proposed by De
Santis et al. (2019).

Firstly, geographic coordinates are transformed
into geomagnetic latitude and longitude through the
geomagnetic North Pole. The total magnetic field
component (F) is calculated from the other magnetic field
components (X, Y and Z).

Then, the time of A , K ’and |D_| and Swarm magnetic
data is matched via interpolation. The intensity of external
magnetic sources is interpreted by these geomagnetic
indices.

The relationship between seismic activity and magnetic
anomalies should be analysed within the earthquake
preparation area proposed by Dobrovolsky et al. (1979).
Dobrovolsky’s circle can be calculated by R , = 10%*M
where R is the radius of the circular preparation area,
and M is the earthquake magnitude. The satellite tracks
that fall within the Dobrovolsky’s circular area are chosen.

The geomagnetic indices are used to detect periods
with low magnetic activity between May 30, 2020 and

' US. Geological Survey (2020). Search Earthquake Catalog [online]. Website https://earthquake.usgs.gov/earthquakes/search/ [accessed 12 December
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Figure 1. Simplified tectonic map of Samos and its surroundings (modified and simplified
from Seidel et al., 1982; Schermer et al., 1990; Avigad et al., 1997; Walcott, 1998; Broecker
and Enders, 1999; Ring et al., 2001; Gessner, 2001).

December 15, 2020. For this study, there are three
geomagnetic indices: A ,K and D . The A index provides
a daily average level of geomagnetic activity while the K
index describes disturbances of the geomagnetic field
resulted from the solar wind. Finally, the D  index, which
was obtained by near equatorial magnetic observatories,
presents the intensity of the ring current.

External sources of magnetic field produce anomalies
that are not related to seismicity. Hence, the anomalies
related to the external sources should be removed from the
data by detecting quiet geomagnetic conditions. According
to Marchetti et al. (2020), A > 20 and [D_|>10 represents
geomagnetic disturbed time. Desler and Fejer (1963)
suggested K higher than 3 indicates minor, moderate,
and major auroral activity. Hence, A <20, K < 3, and
|D_|<10 are used as a threshold for the quiet geomagnetic
conditions.

Firstly, the derivative is applied to the chosen satellite
tracks. Then the tracks are undergone a de-trending
process in order to remove variations associated with the
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long wavelength component. The first time derivative and
de-trending process removed the long term trend from
the data. De-trending and first time derivative allow the
interpreter to observe residual variations in the magnetic
field components.

Since strict threshold values are used, the selected data
is assumed to comprise regular trend of the magnetic field
and fluctuations, associated with the seismic activity. In
this paper, the term “anomaly” refers to disturbances in
the first derivative of the de-trended and filtered magnetic
data for a single satellite tracks due to the precursory
earthquake signals. Moreover, anomalous tracks can be
defined as the satellite tracks that include the seismo-
magnetic anomalies.

Each satellite track should be analysed separately in
terms of the number of anomalous tracks. There are 482
tracks within the Dobrovolsky’s area. Manual searching
of the anomalous period would be quite time-consuming
and subjective. Consequently, an autonomous searching
method via the RMS window is used.
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The anomalous tracks were detected by moving
the RMS window. RMS of the whole track (DATA_ )
is compared to the RMS of the windowed data
(WINDOW,, ). IfFWINDOW > DATARMS, the track s
considered as anomalous, whereas the track is interpreted
as not-anomalous where WINDOW < DATARMS. The
anomalous tracks are plotted with respect to the studied

period expressed in days.

4. Results and interpretation

The reliability of results is dependent on how successfully
external sources are removed using geomagnetic indices.
The interpolated hourly D and K and 3 hourly a_are
plotted against the relative time with respect to the
earthquake dated October 30, 2020. (Figure 2).

The irregular variations of the magnetic field variations
result from the interaction of the solar wind with the
ionosphere and magnetosphere. The geomagnetic indices
provide information to resolve irregular diurnal magnetic
activity.

In Figure 2, the 3-hourly variation of K index is based
on measurements by 13 magnetic observatories. The index
is presented according to the practice by Bartels (1949).
The index, ranging from 0 to 9, denotes the level of the
disturbance of the geomagnetic field by the solar wind.
If K is less than or equal to 3, it is interpreted as quiet
geomagnetic conditions. On the other hand, values of 3<
K <7 corresponds to the minor or moderate solar wind.
However, K =7 indicates strong and intense geomagnetic
storms. In this study, K <3 is used to filter minor, moderate,
and intense geomagnetic storms.

The |D_| index (Suguira and Poros, 1971) is measured
hourly, and it reveals low latitude horizontal irregular
magnetic activities. In other words, the index presents the
ring currents (symmetrical equatorial electrojet). During
large solar storms, the H component of the magnetic field
deviates from the general trend.

Similar to the K index, the A_(Rostoker, 1972; Mayaud

p p
etal., 1980) index is measured on 3-hourly basis. The index
provides general information about geomagnetic storms,
since 3-hourly measured data are processed by an 8-point
running average.

Overall, the anomalous period can be described
between day -20 and day -40 since K [D | and A are
fairly anomalous. As it was mentioned before A < 20 K
<3 and |D_|<10 thresholds were used for selection of the
satellite magnetic data.

To determine the radius of the study area, the
Dobrovolsky’s area provides a reasonable approximation
(Vizzini and Brai, 2012). Results of the statistical analysis
are considerably dependent on the number of satellite
tracks within the Dobrovolsky’s area. Figure 3 demonstrates
the distribution of the satellite tracks and Dobrovolsky’s
circular area, which is of a radius of 1003.44 km.

As it can be seen from Figure 3, Dobrovolsky’s area
covers a large region. For the earthquake precursory
analysis, satellite trajectories within the Dobrovolsky’s
zone are used. It can be said that the majority of the
satellite trajectories are aligned along about N-S trend.
Qualitatively, it can be said that coverage of the satellite
tracks is adequate.

The single track analysis within the Dobrovolsky’s area
is illustrated in Figure 4. De-trend is applied for the first
time, and the derivatives of each magnetic component
(X,Y, Z and F) are plotted (dX/dT, dY/dT, dZ/dT and dF/
dT). The magnetic components recorded on September
22" occurred between 04:23 a.m. and 04:33 a.m. The time
period corresponds from 6.55 to 6.95 for magnetic local
time (MLT).

It can be said that there are no anomalies on X, Z and F
components for this track. However, one anomalous period
is detected on the Y component within the Dobrovolsky’s
area.

In Figure 5, the cumulative number of the anomalous
track is compared to the linear model. Deviations from
the linear fit can be interpreted as how preearthquake
and postearthquake processes affected the magnetic
components. In order to analyse these deviations
quantitatively, R* values are used. R’ indicates the
correlation between the X and Y axes. Namely, if
observations are completely linear, R* will be 1.

Regarding the interpretation of the B component,
it can be said that almost all data points follow a linear
trend (Figure 6). Furthermore, R* is roughly 0.90, which
indicates a nearly linear trend. Before the seismic event,
the increase in the number of anomalous tracks is quite
stable. However, slight deviations from the linear trend are
observed shortly after October 30, 2020. At the beginning
of October, the number of anomalous tracks started to rise
remarkably.

Moreover, the B component presents irregular
variations respect to the linear fit (Figure 7). The irregular
behaviour can be quantitatively observed from the R*
value, which is 0.8697. Even though the general increasing
rate of the number of anomalous tracks is unstable, the
distribution is quite linear until the beginning of October.
After the mainshock, postearthquake trend is observed
end of the S-shaped trend. Roughly one month before the
major earthquake, the position of the anomalous trend
notably deviates from the linear trend.

The B, component of the magnetic field cannot produce
statistically reliable results due to the few data points
(Figure 8). B, component has the smallest R* value for 5
data points. From the beginning of August to September
2021, the number of anomalous tracks increased gradually.
Shortly before the mainshock, the detected number of
anomalous tracks through the autonomous searching
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Figure 2. Map of hourly (or 3 hourly) geomagnetic indices against the relative day to earthquake.

method decreased. Immediately after the seismic event, a
considerable increase of the anomalous points is observed.
It should be noted that there is only one point after the
main earthquake event. For reliable interpretation, more
points are required.

The total magnetic field component (Figure 9), E is
almost linear. Additionally, it has the highest R* value,
which proves the linear behaviour quantitatively. The
deviation from the linear fit is notably small. The trend of
the cumulative number of anomalous tracks converged to
the linear model after the earthquake.

For a single satellite track, longer wavelengths of the
magnetic field that are observed in the geomagnetically
quiet period tend to follow a linear trend. However,
precursory signals of the earthquake generate magnetic
disturbances (anomalies) in the linear trend (Figure 4).
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On the whole, the S-shaped anomaly is considerably
remarkable on Y magnetic component. The S-shaped
anomaly starts with a linear trend until the earthquake.
After the seismic event, postearthquake trend starts.
The best evaluation of the lithospheric variations can be
interpreted from B,.

5. Conclusion

Preearthquake and postearthquake variations should
be interpreted on the basis of the distribution of the
anomalous data. In general, preearthquake data are
specified by linear characteristics. Then, a different trend
is observed on the post-earthquake data. The S-shaped
curve is noted for the X, Y, Z, and F magnetic components.
Consequently, the S-shaped curve (Akhoondzadeh et al.,
2018; Marchetti, and Akhoondzadeh, 2018; De Santis et
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al., 2019; Zhu et al., 2019; Marchetti et al., 2020). can be
evaluated as a precursory earthquake signal.

The best response is obtained from the Y component
of the magnetic field in terms of the anomalous tracks.
Before the main shock (black line), the anomalous
tracks distributed around the linear fit (blue line). Then,
roughly one month before the main earthquake, there is a
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considerable deviation from the trend. After October 30,
2020, notable variations from the preearthquake linear
trend initiated.

The observations for B_ about the anomalous tracks are
also valid for the B component, but the rate of change is fairly
weaker than the B_ component. The spatial distribution of
the anomalous tracks in the B_component (R* = 0.9038) is
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notably linear rather than the B  component (R*= 0.8697).
Results of the B component is not reliable and
interpretable, since there are only 5 anomalous tracks
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