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Abstract. We present a different view of secular variation
of the Earth’s magnetic field, through the variations in the
threshold rigidity known as the variation rate of geomagnetic
cutoff rigidity (VRc). As the geomagnetic cutoff rigidity (Rc)
lets us differentiate between charged particle trajectories ar-
riving at the Earth and the Earth’s magnetic field, we used
the VRc to look for internal variations in the latter, close to
the 70° south meridian. Due to the fact that the empirical
data of total magnetic field BF and vertical magnetic field Bz
obtained at Putre (OP) and Los Cerrillos (OLC) stations are
consistent with the displacement of the South Atlantic mag-
netic anomaly (SAMA), we detected that the VRc does not
fully correlate to SAMA in central Chile. Besides, the lower
section of VRc seems to correlate perfectly with important
geological features, like the flat slab in the active Chilean
convergent margin. Based on this, we next focused our at-
tention on the empirical variations of the vertical compo-
nent of the magnetic field Bz, recorded in OP prior to the
Maule earthquake in 2010, which occurred in the middle of
the Chilean flat slab. We found a jump in Bz values and main
frequencies from 3.510 to 5.860 uHz, in the second deriva-
tive of Bz, which corresponds to similar magnetic behav-
ior found by other research groups, but at lower frequency
ranges. Then, we extended this analysis to other relevant sub-
duction seismic events, like Sumatra in 2004 and Tohoku in
2011, using data from the Guam station. Similar records and
the main frequencies before each event were found. Thus,
these results seem to show that magnetic anomalies recorded
on different timescales, as VRc (decades) and Bz (days), may

correlate with some geological events, as the lithosphere—
atmosphere—ionosphere coupling (LAIC).

Keywords. Geomagnetism and paleomagnetism (time vari-
ations — secular and long term)

1 Introduction

The arrival of charged particles to the Earth can be estimated
from their trajectories. The minimum momentum per charge
unit that a particle must possess to reach a specific point on
the Earth’s surface is defined as the vertical geomagnetic cut-
off rigidity (Rc), which depends on the geometric configura-
tion and extent of the Earth’s magnetic field (Fichtner et al.,
2012). Due to the fact that Rc has a spatial distribution simi-
lar to the difference between the horizontal and vertical mag-
netic field (§ B), in some cases it is possible to study the Rc
and the variation rate of geomagnetic cutoff rigidity (VRc)
as a measure of the secular variation of the Earth’s magnetic
field (Herbst et al., 2013).

The work of Herbst et al. (2013) shows that the lower
values in VRc are located in an area in the south of Chile,
in midlatitudes, in spite of the fact that the presence of the
South Atlantic magnetic anomaly (SAMA) is extended to
equatorial areas. In this work, we seek to find a relation with
the Chilean flat slab trench (which corresponds to the zone
where the plate of Nazca subducts to the same depth below
the South American plate), due to the fact that significant
topographic conditions in the active convergent Chilean mar-
gin are capable of altering the genesis of the secular varia-
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tions in the core-mantle boundary (CMB), as is the case of
the subduction of the Nazca plate under the South American
plate, which reaches the CMB and produces a downwelling
at the CMB (Yoshida, 2008; Lassak et al., 2010; Soldati et al.,
2012).

This extension of the Chilean flat slab trench towards the
CMB is important because the latest research shows that
the role played by CMB topography is closely related to
the evolution of geodynamic and in particular to the exis-
tence of SAMA (Gubbins, 1988; Olsen et al., 2014; Tar-
duno et al., 2015; Pavén-Carrasco and De Santis, 2016). In
addition, as the radial component of the Earth’s magnetic
field can be used as a measure of the variations in the CMB
in periods of time of several months or years, we looked
for significant variations in the geomagnetic spectra associ-
ated with other major geological events in the Chilean mar-
gin, as the latest research shows a statistically significant re-
lation between geomagnetism and earthquakes (Hayakawa
and Molchanov, 2002; Pulinets and Boyarchuk, 2004; Varot-
sos, 2005; Hayakawa et al., 2007, 2015; Molchanov and
Hayakawa, 2008; Liu, 2009; De Santis et al., 2015, 2017;
Contoyiannis et al., 2016; Potirakis et al., 2016a, b).

It should be noted that most investigations of magnetism
and earthquakes have not been conclusive because of the use
of magnetic records that are heavily governed by the external
conditions of the ionosphere, making the results meaningless
in the geodynamic context (Thomas et al., 2009; Love and
Thomas, 2013; Masci and Thomas, 2015). Despite this, there
is a great amount of recent and rigorous research that has
shown a statistical relation between magnetism and earth-
quakes, and thus, this effect could not be negligible in other
magnetic properties, such as the Rc or the study of particle
flux at Earth’s ground level (Hayakawa et al., 2015; Con-
toyiannis et al., 2016; Potirakis et al., 2016a,b; De Santis
et al., 2017; Oikonomou et al., 2017).

Other authors have detected links between the geomag-
netic field and its variations before earthquakes: Florindo
et al. (1996) proposed a cause—effect relation between high-
intensity earthquakes and the consequent appearance of a ge-
omagnetic jump through a timespan of 2 years before the
quake, while Kopytenko et al. (2012) found secular anoma-
lies on the geomagnetic field which started 3 years before
the 2011 Tohoku earthquake. Takla et al. (2013) found an in-
crease of 5 nT around the vicinity of the epicenter of the 2011
Tohoku earthquake, as well as a possible anomaly a cou-
ple of weeks prior to the tectonic movement. Hayakawa
et al. (2015) and Contoyiannis et al. (2016) found a sta-
tistical relation between magnetic disturbances and earth-
quakes, with a transition phase in the behavior of magnetic
field (anomalies in the ultralow-frequency band on the order
of millihertz), where the critical point correspond to dates
close to the 2011 Tohoku earthquake. Potirakis et al. (2016a)
found similar statistical characteristics in the 2013 Kobe
earthquake. Donner et al. (2015), showed that when rock is
stressed, magnetic variations appear, where each frequency
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Figure 1. Observatories map of magnetometers and cosmic rays
(blue triangles): the OP, OLC, LARC, O’Higgins Geomagnetic Ob-
servatory (OH), Guam (GUA) and Kanoya (KNY). A red X marks
the earthquake events (Sumatra, Maule, Japan) with My, above 8.8.
(2004-2011). Rectangle represents the area covered by cutoff rigid-
ity study. The smaller left rectangle indicates the flat Chilean trench.

range is associated with stages prior to the main failure. Fur-
thermore, De Santis et al. (2017) postulated a statistical cor-
relation between magnetic anomalies and cumulative seismic
events for the 2015 Nepal earthquake, using satellite data.

The details of the methodology and results are shown ex-
tensively in the next sections. Firstly, we analyze the values
of the secular variations of the magnetic field obtained at two
stations located 1700 km away from each other, near 70° W
longitude and between 18 and 33°S latitude. The SAMA
center is also located in this area, 1700 km away from both
observatories. The rest of this paper is organized as follows:
Sect. 2 presents the monitoring stations and data used, while
Sect. 3 briefly shows the standard method, in which an ex-
perimental procedure using geomagnetic data was developed
to compute Rc and its variations, magnetic measurement and
behavior prior to the 2004 Sumatra, 2010 Maule and 2011
Tohoku earthquakes. This section also describes the spectral
analysis in the period before to the earthquakes mentioned
above and the spectrogram analysis carried out for the Maule
event. Finally, both the discussion and the conclusion are
found in Sect. 4.

2 Magnetic field and stations

The main stations used in this study are the Putre Obser-
vatory (OP), the Los Cerrillos Observatory (OLC) and the
Antarctic Observatory (Laboratorio Antdrtico de Radiacion
Césmica: LARC). The first two are equipped with fluxgate
magnetometers and counters (with PUT and CER the IAGA
codes respectively), as well as muon telescopes and neutron
monitors. However, the LARC station, in addition to one

www.ann-geophys.net/36/275/2018/



E. G. Cordaro et al.: Variations of the geomagnetic rigidity 277
Table 1. Technical specifications of the Chile, Guam and Kanoya stations used (data from Anand et al., 1968 and Cordaro et al., 2012).
Observatory Location Geographical Altitude/  Atmospheric  Instruments Time Rigidity
coordinate depth (g cm’z) (GV)
(ma.s.l.)
PUTRE Andes, 18°11'47.8" S 3600 666 Magnetometer, UCLA-Vectorial-Flux 2003-2017 11.73 (2010)
(OP) Chile 69°33/10.9” W Gate (data per second)
Muon telescope (data per second),
3 channels.
Neutron monitor IGY (data per
second), 3 channels,
He 3 (data per second).
UTC by GPS receiver.
Los Cerrillos  Santiago de Chile, 33°29/42.2” S 570 955  Magnetometer, UCLA-Vectorial-Flux 1958-2017 9.53 (2010)
(OLC) Chile 70°42/59.81” W Gate (data per second).
Multi-directional muon telescope (data
per second), 7 channels.
Neutron monitor 6NM64 (data per sec-
ond), 3 channels, BF-3.
UTC by GPS receiver.
LARC King George 62°12/9” S 40 980  Magnetometer, UCLA-Vectorial-Flux 1990-2017 2.71 (2010)
Island, Antarctic 58°57'42" W Gate (data per second).
Neutron monitor 6NM64 — BF-3BF-3
(data per second), 6 channels.
Neutron monitor 3NM64 — He-3,
3 channels (data per second).
Neutron monitor 3NM64 — He-3
(data per second).
(Flux meter) 3 channels.
UTC by GPS receiver.
Guam Marianna Islands ~ 13°35'24.0” N 140 Noinfo Magnetometer fluxgate No info 16.9 (1965)
(GUA) 144°52'12.0"E (data per minute)
Kanoya Kagoshima 31°25'27"N 107 Noinfo  Magnetometer 1958-2017  ~13.2 (2000)
(KNY) Prefecture 130°52/48" E (data per minute)

Magnetic field secular variations seen from geomagnetic cutoff rigidity (VRc). Geomagnetic field and its relation with geological process. Latitudinal VRc and its relation with special points at the Chilean
convergent margin. Similar frequencies found in radial component of magnetic field in three earthquakes. Results could be related with lithosphere—ionosphere—atmosphere coupling.

fluxgate magnetometer and a type 6 NMBF3 neutron mon-
itor, also operates two state-of-the-art type 3 NM He neutron
monitors. Besides, other two auxiliary stations were used to
perform magnetic measurements: the Guam observatory and
the O’Higgins observatory. The network’s particle detectors
calculate the average values per hour from samples per sec-
ond and the magnetometers calculate the values per minute
from data per second, while the auxiliary magnetometers
have data per minute. Table 1 provides location, atmosphere
depth, instrumentation and operation time details for all the
abovementioned stations, while their location has also been
marked on the map in Fig. 1 (see Cordaro et al. (2012) and
Table 1 for geomagnetic rigidity cutoff and operation times).
The total magnetic field and its components as recorded by
the magnetometers at the OP and OLC observatories show
a decrease in all geomagnetic components and a decreas-
ing trend in the geomagnetic rigidity cutoff, since these sta-
tions are under the influence of SAMA. We have obtained
three magnetic components, north, east and vertical (Bx, By
and Bz respectively), as well as the total BE. For our analy-
sis, we used the total magnetic field and the Bz component,
under the hypothesis that their behavior on the surface is the
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continuation of the radial magnetic field and its variations
generated in the core.

3 Analysis results

3.1 Variation rate of geomagnetic cutoff rigidity (VRc)
close to meridian 70° W in South America

We calculated and evaluated the VRc in the vertical access of
particles arriving at OP, OLC and LARC, as seen in Fig. 2.
At OP, we confirmed an in situ lower increase of cosmic ray
particles access due to the altitude over sea level and high cut-
off in the location. As we expected from a decreasing mag-
netic component and field intensity vector, we observed an
increment in the access of particles in LARC, linked to the
low values of its cutoff rigidity and secular decreasing of the
magnetic field. LARC, OLC and OP had Rc values of 2.70,
9.52 and 11.71 GV respectively in 2010.

In order to calculate the trajectory of the particles, we con-
sidered only vertically incident protons for each station lo-
cation, considering the top of the atmosphere at 20 km alti-
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Figure 2. Geomagnetic B total field intensity map, with the SAMA variability and the particle asymptotic arrival directions map for Putre,
Los Cerrillos and LARC stations. The different line types mean asymptotic trajectories computed by magnetic models of the years 1975,
1995 and 2010 (IGRF). (a) The variability of SAMA is represented by the set of lines over parts of South Africa, the Atlantic Ocean, South
America and part of Pacific Ocean, where its center is located close to Buenos Aires and it is moving west. The variability of particle
trajectories is also shown and depends on the spatiotemporal magnetic field configuration. (b) Minimum energy for entrance of asymptotic

direction arrivals.

tude over each observatory. For the calculated upper (Ru),
lower (RL) and effective (Rc) cutoff rigidity, we used the
program developed by Smart and Shea (2001). This method
consists of using the sixth-order Runge—Kutta approximation
in order to resolve the particle equation of motion to cal-
culate several particle (asymptotic) trajectories arriving (al-
lowed trajectory) or not (forbidden trajectory) at the Earth’s
surface from outer space, using different amounts of momen-
tum per charge unit.

Due to the fact that different amounts of momentum per
charge unit (rigidity) imply different trajectories, the upper
(lower) rigidity Ru (RL) is defined as the maximum (mini-
mum) value of rigidity where the allowed—forbidden transi-
tion is detected among the different sets of trajectories. While
the effective rigidity is defined as the average between the
upper and the lower rigidity (Smart and Shea, 2001; Storini
et al., 2002; Bobik et al., 2003), Fig. 2 shows the arrivals
of sets of particles obtained with numerical computations
of the charged particle trajectories reaching OP, OLC and
LARC observatories, with values close to 300 GV in rigid-
ity, using IGRF 1975, 1995 and 2010, where IGRF stands
for “International Geomagnetic Reference Field” and corre-
sponds to a mathematical model of the Earth’s main field
and its annual secular variation; each updated version of
this model is released every 5 years (https://www.ngdc.noaa.
gov/IAGA/vmod/igrf.html). For OP, the change in Ru val-
ues is approximately —0.0225 GV yr~!, which may be as-
sociated with SAMA’s westward drift. In general, the re-
sults of the calculations for vertical directions of particle
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access, generated at the top of the atmosphere (supposed
20km altitude) with rigidities between 20.0 and 0.02 GV,
produce obtained values for allowed and forbidden parti-
cles. The time variability of cutoffs shows the decreasing
trend in the OP, LC and LARC observatories that can be
visualized in three stripes:“upper” for an allowed—forbidden
pair; “lower”, which is related to geomagnetic effects; and
“effective” cutoff, associated with penumbra regions, and
the values that oscillate around the decreasing geomag-
netic field (for more information, see Storini et al., 1999).
The Ru values oscillated and decreased steadily; the an-
nual variation in Rc is small (—0.0217 GV yr’l), while the
value for RL is —0.0200GV yr~!, with a more predomi-
nant oscillation than the other rigidities (Storini et al., 1999).
Values recorded at Los Cerrillos observatory decreased
strongly as follows: Ru=—0.0285GV yr~!, effective cut-
off rigidity Rc=—0.0355GV yr~! and low cutoff rigidity
RL = —0.0335GV yr~!. Values recorded at LARC changed
as follows: Ru=—0.0222GV yr~!, Rc = —0.0200 GV yr~!
and RL = —0.0126 GV yr~!. Cutoff rigidity decrease is more
pronounced between polar and medium latitudes, at approx-
imately 63° to 47° S (Fig. 3). Figure 3 shows changes in Rc
values, which may be seen as the spatiotemporal changes
in the shielding provided by the geomagnetic field against
external charged particles. The values obtained show a de-
creasing cutoff rigidity trend between 18 and 63° S latitude
along the Andes in the area near to the Chilean trench, going
through the triple junction point, all the way to the Antarctic
slab (Fig. 3).

www.ann-geophys.net/36/275/2018/
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Variation of geomagnetic cutoff rigidity 1955-2010
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Figure 3. Values obtained for the variation rate of effective cutoff rigidity, related to special points on the Chilean coast in the geological
model of Earth tectonic plates in the Southern Hemisphere. The red colors represent lower temporal changes in Rc in each location, while blue
colors represent the maximum changes. The red lines indicate the latitudes of highest variation. Significant values were obtained at 46.5° S,
76° W in the Taitao peninsula in Chile, which is the triple junction point of the Nazca, Antarctic and South American plates. Furthermore,
there was a high variation rate in the effective cutoff rigidity (—0.033) at 52° S, 76.5° W close to Puerto Natales, in the Magellan Strait in

Chile, indicated by blue lines (right). The last blue line indicate the Antarctic continent.

Furthermore, significant points shown in Fig. 3 are
46.5° S, 76° W, located on the peninsula of Taitao in Chile,
which corresponds to the triple point junction of the Nazca,
South America and Antarctic tectonic plates, and 53°S,
76.5° W, located in Puerto Natales, near the Strait of Mag-
ellan, which corresponds to the triple point formed by the
Antarctic, Nova Scotia and South America tectonic plates.
The Nazca—Nova Scotia border reaches 54° S in the Strait of
Magellan. Another important area is located between 22 and
38¢ S latitude, where the greatest decrease in the variations of
Rc is located, and which corresponds to the Atacama trench,
with an estimated depth of 8000 m.

3.2 Magnetic field measurements behavior and the
Sumatra, Maule and Tohoku earthquakes

In the paper by Florindo and Alfonsi (1995), there is a chart
showing the secular acceleration observed at the L’ Aquila
observatory and the date of occurrence for the 1960-1985
period. Other authors, such as Mouél and Courtillot (1981),
have tried to obtain correlations between magnetic signals
generated in the Earth’s core and other geophysical phenom-
ena, like the Earth minimum rotation and the occurrence of
strong earthquakes.

www.ann-geophys.net/36/275/2018/

The main feature in the South American region corre-
sponds to the movement of the SAMA, implying a decrease
in the cutoff rigidity trend. In Storini et al. (1999), and in
Fig. 3 of this paper, we can see the geomagnetic cutoff rigidi-
ties rate variation between 1950 and 2010. Following the path
indicated by the geomagnetic rigidity values at the bottom
of the Southern Hemisphere, which contemplates the verti-
cal component of the geomagnetic field, we find it neces-
sary to study the largest seismic movements that occurred in
this area of the planet, and the behavior of the magnetic field
component Bz during these events. Specifically, the change
in the magnetic field prior to the 2010 Maule event (8.8 My,)
was analyzed, as well as the events of Sumatra and Japan
(> 9 My,), where the first and second derivative showed sim-
ilar behavior. We then looked for significant frequencies be-
tween the jump in magnetic field values and the actual earth-
quakes.

The Bz component of the magnetic field, registered at the
Putre station before and after the Maule earthquake, is shown
in Fig. 4a, starting on 31 October 2009, up to 1 May 2010.
The dotted red line indicates 27 February 2010, the day of the
8.8 My, quake, with its hypocenter located at 36° 17'23” S,
73° 14’20” W at a depth of approximately 35km. Average
variation of the magnetic field in the period of study was
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65 nT, with a maximum variation of 180 nT. Rapid changes
in the magnetic field are represented by a purple dotted
line on 23 January 2010 (Fig. 4a). The Bz component ex-
perienced a decrease of more than 350 nT between 18 Jan-
uary 2010 and 23 January 2010; this period is important be-
cause it is useful to identify the change in the linear trend
of the data, which is shown through the change in the R-
squared values. These values change from 0.7581 to 0.3998
after this period. After the R-squared change, 36 days went
by until the Maule event (Fig. 4a). The values for dBz/d¢
are 15nT day~! on average, with its minimum right after
the 27 February earthquake, at 10nT day~' and a maxi-
mum of 140nT day~!, before the 23 February jump. The
values for d?Bz/dr?> have minimum and maximum of —10
and 160 nT day~2, with an average of 25 nT day 2.

The seismological data for the 26 December 2004 Suma-
tra earthquake are as follows: 9.2 M, magnitude, location
3.316° N, 95.854° E, and depth 30 km. Magnetic values show
erratic variations, since two earthquakes occurred in that
area, on 26 December 2004 and 28 March 2005. Despite this,
there are observable jumps on 22 August 2004 (dotted pur-
ple line), longer in duration than the one of the Maule event
(130 and 36 days respectively). This jump in the magnetic
data is viewed by the change in the R-squared values, from
0.5075 to 0.1312 (Fig. 4b); dBz/dr¢ has average values of
2.3nT day~!, with its minimum value just after the 24 De-
cember event at 1.0nT day~! and a maximum of 8 nT day ™!
after the 22 August 2004 jumps. Values for d’Bz/ds> have
a minimum and maximum of 2.0 and 9.5nT day’z, with an
average value of 2.5nT day 2.

The seismological data for the 11 March 2011 Tohoku,
Japan earthquake are as follows: magnitude — 9.0 My,, loca-
tion — 38.322° N, 142.369° E, and depth — 32 km. The event
was triggered by interaction between the Okhotsk and Pacific
plates. Despite the existence of small geomagnetic events be-
tween January and March 2011, there is a distinguishable
jump prior to the event (6 February, dotted purple line), simi-
lar to what happened at Maule (33 and 36 days respectively),
where the change in the R-squared values also occurs, from
0.5252 t0 0.7820. (Fig. 4c). Values for dBz/dt are on average
12nT day~', with a value just after the 11 March event of 20
and 4nT day~' after the 6 February jump; d>Bz/ds> have
minimum and maximum values of 10 and 110nT day_z,
with an average of 22 nT day 2.

We used the fast Fourier transform analysis methods to
calculate frequency for the Maule, Sumatra and Tohoku
events. The graphical representation of the values of the spec-
tral power densities is useful to compare and identify similar-
ities between the seismic events.

The first spectral analysis corresponds to the use of data
previously shown. Figure 5a shows the rising of a spectral
band of lower frequencies which seems to be similar among
the stations during the studied period. In order to corroborate
this result, magnetic data from Kanoya station (Fig. 1 and Ta-
ble 1) were used in contrast with the OP during the extended
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Figure 4. (a) Behavior of B in Maule region, Chile, before and after
27 February 2010 seismic event (includes what precedes the jump,
represented by the change in R-squared value) of 18 January 2010.
(b) Behavior of B in Sumatra, before and after 26 December 2004
seismic event (includes what precedes the jump of 22 August 2004)
and (c) behavior of B in Tohoku, Japan, before and after 11 March
2011 seismic event, and what precedes the jump of 6 February 2011.

period of the Tohoku event (23 August 2010-5 May 2011).
In all cases, the fundamental frequencies for daily averages
are located between 5.680 and 3.510 uHz (period of 48.9 h to
79.13h).

The significant frequencies data are as follows:

— the Maule earthquake in Chile, detected in OP: 5.064,
4.747,5.154 yHz

www.ann-geophys.net/36/275/2018/
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Figure 5. Fourier analysis of second derivative of Bz component,
where the frequencies are on the order of microhertz. In (a) we
show the significant frequencies for the earthquakes in Maule, To-
hoku and Sumatra; panel (b) shows the significant frequencies for
earthquake of Tohoku, recorded in Putre, Chile, and Kanoya, Japan,
respectively. Both panels show the rising of a frequency band inside
the 5.680 and 3.510 uHz range.

— the Tohoku earthquake in Japan, detected in Kanoya
Station: 4.747, 5.606, 4.838 uHz

— the Tohoku earthquake in Japan, detected in OP: 5.425,
5.333, 5.606 uHz

— the Sumatra earthquake in Indonesia, detected in Guam
Station: 5.135, 3.481, 3.843 uHz

The values of the frequencies of the earthquakes are 5.680,
5.414, 5.327, 5.226, 5.128, 5.144, 4.822, 4.777, 3.708 and
3.510 uHz (Fig. 5).

Additionally, the spectrogram analysis was used for the
Maule earthquake. Using the daily average data range from
10 December 2009 to 29 April 2010 and then moving this
range forward every 12 days with an overlap of 80 %. The re-
sults were used to make a 3-D graph for date, frequency and
power spectral density, where date indicates the final day of
the corresponding 12-day data range (Fig. 6). Figure 6 clearly
shows that the highest values of power spectral density ap-
pear in the range 5.606 to 3.481 uHz (waves period ~2 to
~ 3 days) during the period before the Maule event (green
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to red peak colors), while the lower values appear after the
occurrence of the event (blue shadow peaks), indicating that
the earthquake event could be responsible for the change in
behavior of the magnetic field.

4 Discussion and conclusions

Our main objective is to study the variations of the magnetic
rigidity cutoff, earthquakes and movement of tectonic plates
on the eastern Pacific coast in the Southern Hemisphere. In
order to do so, we present the geomagnetic changes detected
in that area.

Starting with the variations of the total magnetic field and
its components, we verified the increasing influence of the
phenomenon known as SAMA, with the decrease in the rate
of change in rigidity cutoff obtained along the 70° W merid-
ian, between the 18 and 42°S latitude (Fig. 3). The mag-
nitude of decrease in magnetic field components is different
depending on the specific location of the monitoring stations,
but it is reflected simultaneously throughout the hemisphere.
The magnetic field variation at both OP and OLC is greater
and clearly shows its relation to SAMA, while the rate of
change is smaller at O’Higgins and LARC (as they are not
affected by SAMA).

The observatories are located on different tectonic plates:
OP and OLC on the South American tectonic plate, LARC
is on the Scotia tectonic plate and O’Higgins on the Antarc-
tic tectonic plate. They measured changes in the magnetic
field values, corroborating variations of the magnetic rigid-
ity cutoff linked to the characteristics of the flat Chilean slab
and the continuous approach of the South Atlantic magnetic
anomaly (Fig. 1). In particular, the spatial and temporal vari-
ation of the effective magnetic cutoff rigidity and its relation
with specific geographic coordinates in the tectonic plate is
significant (Vertical lines in Fig. 3). This possible relation
with the lithosphere can give us another tool for analyzing the
model of the Earth’s tectonic plates and geomagnetic models
in the area.

In the case of the 2010 Maule event, Fig. 4a shows a con-
tinuous decrease of the Bz component of the magnetic field
up to 36 days before the earthquake, where the R-square
value changed. Taking into consideration the similarities
found in the values of the Bz component in the time between
the jumps (change in R-square value) and the Maule, Suma-
tra and Japan events of 36, 130 and 33 days (with variations
smaller than 100 nT) (Fig. 4), we decided to conduct a spec-
tral analysis first for the Maule, and then for the Sumatra and
Tohoku events.

After the analysis, the fundamental frequencies detected
were in the range of 5.606 to 3.481 uHz, as shown in Fig. 5.
The Sumatra earthquake is different though, since it involved
two additional earthquakes over 7 My,. In particular, the sig-
nificant frequencies observed in OP for the Maule and To-
hoku events range from 5.611 to 5.227 pHz, while the Suma-
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Maule 2010, d(dBz) spectrogram at PUT station
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Figure 6. Spectrogram of Bz second temporal derivative. The Maule event date is marked in red, where the period before the earthquake
event is characterized by high power spectral density values (red colors) and the values after the earthquake are clearly lower (blue colors).

The February solar event is also marked (Droge et al., 2014).

tra frequencies, ranging from 4.822 to 3.708 uHz, indicate
differences between the Sumatra event and the other studied
earthquakes. Furthermore, a spectrogram analysis carried out
for the Maule 2010 event showed that the change in the spec-
tral density power in the range of uHz could be related to the
occurrence of the Maule event, as shown in Fig. 6.

After conducting the analysis, we attempted to identify the
origin of the geomagnetic characteristics. We distinguished
two systems; one of them could be associated with the core—
mantle operating deep within the Earth, and another one re-
lated to the tectonic plates operating near the surface of the
Earth, at depths between 20 and 65 km.

The core-mantle system generates magnetic anomalies as
SAMA due to the abrupt change in the topography of CMB
(Pavon-Carrasco and De Santis, 2016), which in turn affects
the magnetic cutoff rigidity (Herbst et al., 2013). Further-
more, the energy released by the movement of tectonic plates
could affect the top layers of core fluid (Gubbins, 1988). One
of the first explanations was given by Florindo et al. (1995,
2005), relating abrupt topographic modifications to anoma-
lous behavior of geomagnetic fields. Mullan (1973) theorizes
that the large seismic activity in the Pacific Ring of Fire could
be generated at great depths. In the same line, Florindo and
Alfonsi (1995), thought that seismic events could be linked
to abrupt topographic changes at the CMB, which generated
magnetic variations through the mantle. Another possible ex-
planation of this apparent link between magnetic field, cutoff
rigidity and geological systems arises from the instabilities
in the CMB that are able to produce secular variations in the
magnetic field on the Earth surface, and that corresponds to
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non-dipolar evolution of the geodynamo (Constable, 2007),
since the topography of the CMB is significant in subduc-
tion zones, where the subducted slabs can generate down-
welling or sinkholes in the deeper areas of the mantle and
upwelling or outcrops in areas of divergence (Heirtzler, 2002;
Koper, 2003; Hartmann and Pacca, 2009; Lassak et al., 2010;
Calkins et al., 2012; Koelemeijer et al., 2012; Bayanjargal,
2013; Tarduno et al., 2015; Pavon-Carrasco and De Santis,
2016; Terra-Nova et al., 2016). However, the latest research
on magnetic field and seismicity seems to come from the so-
called lithosphere—atmosphere—ionosphere coupling (LAIC)
(Hayakawa et al., 2015; De Santis et al., 2015, 2017; Con-
toyiannis et al., 2016; Potirakis et al., 2016a, b; Oikonomou
etal., 2017).

The more superficial system occurs in the lithosphere,
due to fractures in the rock that end up generating a wide
spectrum of low frequencies in the magnetic field and are
possibly associated with earthquakes (Donner et al., 2015).
These changes in the magnetic field were studied by Florindo
etal. (1996) while they analyzed the 1964 Alaska earthquake.
Such studies, along with a possible correlation between vari-
ation in magnetic cutoff rigidity and tectonic plates, mo-
tivated the study of the relation between magnetism and
earthquakes presented in the previous sections, for events
like the 2010 Maule earthquake, and also using data from
the 2004 Sumatra and 2011 Tohoku events. This makes
sense if we consider the goals of the latest research that
links magnetic activity of internal origin with some seis-
mic events (including the 2011 Tohoku quake), several days
or even weeks in advance of the earthquakes (Hayakawa
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and Molchanov, 2002; Pulinets and Boyarchuk, 2004; Varot-
sos, 2005; Molchanov and Hayakawa, 2008; Liu, 2009;
Hayakawa et al., 2015; De Santis et al., 2015, 2017; Con-
toyiannis et al., 2016; Potirakis et al., 2016a, b). Even more,
the frequencies shown in Figs. 5 and 6 show a spectrum
(~ uHz) lower than that studied by Hayakawa et al. (2015),
De Santis et al. (2015), Contoyiannis et al. (2016), Potirakis
et al. (2016a,b) and De Santis et al. (2017) (on the order of
millihertz).

The upwelling of frequencies in the microhertz range
detected in the three stations could be normal before the
three seismic events. It could be related to the fact that the
only one common feature among the three earthquakes is
that all of them were identified as megathrust events into
a subducting lithospheric configuration. Furthermore, it is
also important to point out that the frequency range stud-
ied by the seismomagnetic community corresponds to mil-
lihertz, whilst this study showed the microhertz frequency
range. This would be in agreement with the theoretical com-
putations carried out by Vallianatos and Tzanis (2003), where
the ultralow frequency band reaches 3 orders of magnitude at
least.

Finally, we understand that the relation between geomag-
netism and geodynamics is currently a controversial topic,
and because of that we have been careful with these issues,
since in recent years a number of groups have emerged link-
ing magnetism and seismicity. Despite this, we believe future
work must be conducted in order to achieve a full understand-
ing of the phenomena presented in this work.
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