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Abstract: We investigate the conditions under which coseismic electromagnetic disturbances arise,
caused by the propagation of elastic waves from distant earthquakes with magnitudes ranging
from 6.9 to 8.7. The origins of these seismic waves were the 2025 Great Kamchatka Earthquake
and several strong events in the vicinity of its source. The analyzed data are provided by magnetic
observatories of the INTERMAGNET network, which support 1-second recording of the geomagnetic
field and are located at distances from 23 to 87 arc degrees from the epicenter of the Great Kamchatka
Earthquake. The primary study examines the dependence of the fact of coseismic signal generation
on the earthquake magnitude and its epicentral distance. The mechanism underlying coseismic
disturbances is not discussed. Effects produced by different seismic phases are considered separately,
which determines the lower bound for the epicentral distances under consideration. We show that
the electromagnetic signal accompanying the arrival of teleseismic waves is generated only by strong
earthquakes with magnitudes M > 7. The coseismic effect of the strongest events with magnitudes
M > 7.4, primarily the Great Kamchatka Earthquake (M = 8.7), manifests itself at extremely large
epicentral distances, up to 90 arc degrees. We demonstrate that the main spectral component of the
coseismic signal occurs in the high-frequency range from 0.05 Hz to 1.0 Hz.
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1. Introduction

Signals that occur simultaneously with the arrival of seismic waves are called coseis-
mic — accompanying seismic waves. Coseismic electromagnetic (CoSEM) signals can arise
from the action of elastic waves generated by both earthquakes and industrial explosions
[Anisimov et al., 1985]. Initially, in both field observations and experimental and theoretical
studies of CoOSEM phenomena accompanying strong earthquakes, the main focus was
primarily on effects occurring near the source (see, for example, [Belov et al., 1974; Haartsen
and Pride, 1997]). This type of work was mainly motivated by the search for electromagnetic
precursors of strong earthquakes. Below we discuss the effect produced by teleseismic
elastic waves generated by distant earthquakes. The resulting CoSEM signals are very
similar in shape to seismic records [Soloviev, 2023]. In particular, the magnetograms clearly
show oscillations corresponding to different seismic phases; the spectra of the CoSEM and
seismic disturbances are also consistent with each other [Kasdi et al., 2022; Soloviev et al.,
2024]. The similarity between seismic and CoSEM disturbances allows us to consider the
latter as a pseudo-seismogram and use it to reconstruct the velocity structure of the upper
crust [Manglik and Gupta, 2025].

One possible mechanism for the CoSEM effect is geomagnetic inductive disturbance.

Forced oscillations of the medium at a velocity ¥'(t) in the Earth’s magnetic field B lead

N
to the generation of an electromotive force ~ ¥'(t) x B. Due to the finite conductivity of
the Earth’s crust, this leads to the excitation of an electric current within it, and hence
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the generation of electric and magnetic fields on the Earth’s surface. In fluid-saturated
rocks, the CoSEM effect may be caused by charge separation [e.g., Varotsos et al., 2013,
and references therein]. Under certain conditions, negative ions are absorbed by the solid
matrix, while positive ions remain in the fluid, forming an electrical double layer. The
presence of excess ions causes the fluid pressure gradient initiated by seismic waves or
the accelerated motion of the medium to induce an electric current. This mechanism for
excitation of the CoSEM signal is called the electrokinetic effect [e.g., Surkov et al., 2018].

In addition to the mechanisms mentioned above, excitation of CoSEM disturbances can
be caused by the mechanical response of the magnetic sensor to seismic waves (the seismo-
graphic effect). Specifically, Eleman [1966] demonstrates that a mechanical magnetometer
with a magnetic needle behaves like an ultra-low-sensitivity seismic recorder, which can
be used as an additional seismic station during strong earthquakes. The seismographic
effect can also be observed with modern recording equipment [Masci and Thomas, 2016],
which further highlights the need for a thorough and careful analysis when interpreting
disturbances accompanying seismic events [Soloviev et al., 2024]. At the same time, when
analyzing magnetotelluric sounding data, the CoSEM effect is interpreted as electrokinetic
or electromagnetic [e.g., Honkura et al., 2009]. The nature of CoSEM disturbances is not
discussed in this paper.

The kinematic properties of different teleseismic phases differ significantly. Further-
more, the amplitudes of Love and Rayleigh waves are significantly greater than those of
both shear and, especially, longitudinal body waves. Therefore, the CoOSEM disturbances
produced by each phase should generally be studied separately. This means that it is
essential to have electromagnetic and, if possible, seismic signal recordings at a significant
distance from the earthquake’s source, as reliable phase separation occurs at a fairly large
epicentral distance. In fact, we are talking about distances of approximately 30 angular
degrees (~3,000 km) from the earthquake’s source.

The seismoelectric effect of the second kind — the excitation of an electromagnetic
field during the propagation of elastic waves in porous, water-saturated rocks — was first
described in [Ivanov, 1939]. CoSEM disturbances produced by remote earthquakes are
often observed in magnetotelluric measurements [e.g., Honkura et al., 2009; Matsushima
et al., 2002; Nagao et al., 2000, et al.]. Moreover, the distance from the station to the
earthquake source in these studies ranges from 50 to 800 km. Since 2014, a new format
has been introduced into the observation practice of magnetic observatories that are part
of the global INTERMAGNET network [Love and Chulliat, 2013]: precise measurement
data with a sampling rate of one second. Among other improvements, the availability of
one-second data makes it possible to record CoSEM electromagnetic disturbances [Soloviev,
2023]. A significant advantage of using data from observatories is that they operate
continuously, unlike most magnetotelluric sounding experiments. The works [Soloviev,
2023; Soloviev et al., 2024] explored the CoSEM effect produced by the seismic doublet of
strong (magnitude My > 7.0) Turkish earthquakes of 2023. The first of the cited works
showed that the accompanying effect manifests itself at epicentral distances of up to 20 arc
degrees (~2,000 km).

In this paper, we limit ourselves to examining issues related to the very possibility
of observing CoSEM effects caused by strong distant earthquakes, without discussing
their excitation mechanisms. For this purpose, we use elastic waves generated by the
“Great Kamchatka Earthquake” (GKamE-2025) — an earthquake on July 29, 2025, with
a magnitude of 8.7 and an origin time of 23:24:50 UTC. The GKamE-2025 earthquake is
among the top 10 strongest seismic events in the instrumental record. It was accompanied
by numerous foreshocks and aftershocks, some exceeding magnitude 7.0. This provides us
with a unique opportunity to study the properties of the CoSEM effect produced by distant
earthquakes, depending on their magnitude and epicentral distance.
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2. Materials and Methods

In [Soloviev, 2023], it was noted that even at relatively short distances, the CoOSEM
signal is generated only by strong earthquakes with magnitudes My, > 7.0. Therefore, in
this study, in addition to the main event, we use several of its foreshocks and aftershocks
with magnitudes My > 7.0, which occurred in the same zone as the main shock. In addition,
we analyze two more earthquakes, the first of which is an aftershock on August 3, 2025,
(Mw = 6.8). The second earthquake is an event with My, = 7.6, which occurred on
December 8, 2025, at 14:15:10 UTC in the area of the Japanese islands and is not directly
related to GKamE (see Table 1 and Figure 1). The source of the main seismic event
parameters is the GCMT catalog (https://www.globalecmt.org).

Table 1. Catalog of the earthquakes under consideration. My is the magnitude.

52.90 160.76 20.0 7.4 32:{1‘;1:02325' @
50.58 157.80 35.00 6.8 8;‘;;%52025' O

Data from 24 magnetic observatories of the INTERMAGNET standard (see Table 2 and
Figure 1) located at distances from 20° to 90° from the GKamE-2025 source are analyzed.
The chosen range is determined by two considerations: the left boundary of the interval
corresponds to the minimum distance at which complete separation of body and surface
waves occurs; the right boundary of the chosen range is close to the maximum distance
at which direct volume phases can be observed. This limitation is due to the geometric
shadow of the liquid core.

Assuming a linear excitation of the CoSEM disturbances, its spectrum is determined
by the frequency content of the original seismic signal, and therefore lies within the
range of 0.01 Hz to 0.5 Hz (in periods from 2 s to 100 s). Therefore, when selecting data,
observatories with 1-second geomagnetic field recordings are considered. For convenience,
instead of magnetic field components, their time derivatives are used; for this, the data are
numerically differentiated with respect to time, as described in [Soloviev, 2023]. Let us recall
that with horizontal homogeneity of the geoelectric properties of the underlying medium,
the orientation of the magnetic induction vector dB/dt corresponds to the direction of the
excited telluric field E and currents in the surface layers of the Earth, i.e., dB/dt ~ E.
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Figure 1. On the left is the distribution of epicenters of the earthquakes under study (yellow circles);
on the right is the location of magnetic observatories whose data are used in the study. The main
event, GKamE-2025, is marked with a star.

3. Results and Discussion

Coseismic disturbances produced by remote sources are small, so their observation is
possible if their amplitude exceeds the noise level. If the noise level is high, the coseismic
signal of a relatively weak event may be simply invisible against the background noise,
while the amplitude of a strong event may be distorted. To partially suppress the noise
component, we use bandpass filtering of the magnetic recordings. Teleseismic phase
frequencies range from 2 s to 100 s. Due to Rayleigh scattering and the spectral composition
of microseisms, it makes sense to limit the high-frequency part of the signal spectrum
to 10 s. As a result, a 4th-order Butterworth bandpass filter with pass periods from 10 s
to 80 s is used in the analysis. For convenience, the analysis is carried out in the ray
coordinate system Z, R, T, in which the R axis lies in the plane of incidence and is directed
toward the epicenter; the T axis is perpendicular to the R axis and the vertical Z axis.

Let us illustrate this with an example of the event of December 8, 2025, recorded at the
Mikhnevo geophysical observatory (IAGA code MHV, Moscow Region, Russian Federation).
At the time of the seismic wave arrival, two FGE vector magnetometers with identical
characteristics were simultaneously operating at the observatory [Pedersen and Merenyi,
2012]. There were two differences in the instrument setup. First, one was oriented toward
the geographic pole, while the other was oriented toward the magnetic pole; this fact
becomes irrelevant after converting to a ray coordinate system. Second, the three-axis
sensor of one magnetometer was mounted on a suspension, while the other sensor was
firmly fixed to the instrument base. Sections of the magnetograms recorded by these two
instruments during the arrival of the seismic signal (Figure 2, top panel) from the above-
mentioned event are shown in the middle and bottom panels of Figure 2, respectively. The
figure shows that the coseismic effect associated with surface waves is clearly visible in the
dB/dt records from the suspended instrument; CoSEM disturbances caused by body shear
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Table 2. INTERMAGNET magnetic observatories whose data were used in this study. The columns
list the observatory codes, their latitudes and longitudes, azimuths, and epicentral distances to
GKamE-2025. The observatories are sorted by epicentral distance and grouped by this parameter;
the groups are highlighted in color.

Code Latitude, ° Longitude, °© Azimuth, ° A, °
SHU 55.35 199.54 67.2 23.1
BRW 71.32 203.38 29.3 26.7
CMO 64.87 212.14 44.3 28.7
GUA 13.59 144.87 203.3 40.7
CBB 69.12 254.97 31.0 43.9
HON 21.32 202.0 118.0 447
AAA 43.25 76.92 295.8 53.7
FRN 37.09 240.28 71.9 55.9
KLI 60.85 39.51 330.1 57.5
SPG 60.54 29.71 334.4 60.6
MHV 54.95 37.76 326.8 62.8
TUC 32.17 249.27 69.8 64.6
KDU —12.69 132.47 209.1 69.2
API —13.82 188.22 151.1 70.3
WNG 53.73 9.05 342.4 71.4
NGK 52.07 12.68 339.7 72.3
CTA —20.09 146.26 193.7 73.3
FRD 38.21 282.63 43.1 76.7
ASP —23.76 133.88 204.5 79.4
PEG 38.10 23.9 326.7 82.1
CKI —12.19 96.83 241.5 84.2
LRM —22.22 114.1 222.2 84.6
EBR 40.96 0.33 344.9 85.3
SPT 39.55 355.65 348.1 87.3

waves are discernible, but less clearly visible. For longitudinal waves, the signal amplitude
apparently does not exceed the noise level.

The magnitude of electromagnetic “noise” (natural variations in the electromagnetic
field and measurement interference) can be estimated from the amplitude of the variations
recorded before the P-wave arrival. Figure 2 shows that when the sensor is mounted using
a suspension, the noise component is significantly lower than when it is fixed directly
on a pillar. This is particularly noticeable in the Z component, where the ratio of the
amplitudes of the noise terms is ~3.

After high-pass filtering with a 4th-order Butterworth bandpass filter with pass
periods from 30 to 80 seconds, the differences between the magnetograms from both
instruments virtually disappear; at the same time, the coseismic signal also disappears
(Figure 3). More precisely, the amplitude of the coseismic disturbances in this frequency
range does not exceed the noise amplitude. This allows us to conclude that the high-
frequency portion of the spectrum plays a significant role in the observation of the CoSEM
effect. The described experiment requires further study; the interpretation provided is
purely preliminary.

The energy released during an earthquake is distributed unevenly between seismic
phases, with longitudinal waves having the minimum amplitude and surface waves having
the maximum. The P and S volume phases, in addition to polarization and amplitude,
differ in the shape of the function at the source and the geometric parameters of the
trajectory. The most significant difference between body and surface (Rayleigh and Love)
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Figure 2. Seismograms (upper panel, red curves) and dB/dt time series (middle and lower panels) of
the event on December 8, 2025 recorded at the Mikhnevo geophysical observatory (Moscow Region,
Russian Federation). Magnetic data were recorded by two three-component variometers, one of which
is mounted on a suspension (green traces), and the second is fixed directly on a pillar (lower traces,
blue). The gray rectangles mark the time domain of seismic phase oscillations — body longitudinal
(P), shear (S), and surface (SURE). The vertical scale of magnetic measurements is indicated in the
center of the figure; the abscissa axis represents time in seconds, starting 100 s before the arrival of
the P-wave according to the IASP91 standard model [Kennett and Engdahl, 1991].
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Figure 3. Recordings from both vector magnetometers (with superimposed components) after high-
pass filtering. The notations are the same as in the previous figure.

waves relates to their propagation paths: body waves penetrate the Earth’s interior to the
mantle depths, while surface waves propagate along the surface. Therefore, the detection
of CoSEM disturbances is conducted separately for these three wave types.

As shown in [Soloviev et al., 2024], observation of COSEM disturbances depends heavily
on the earthquake’s magnitude and epicentral distance. Magnitude characterizes the energy
released by the earthquake, and therefore the initial wave amplitude, while epicentral
distance determines the reduction in this amplitude due to geometric spreading, scattering,
and attenuation. Clearly, given the assumed linearity of the CoSEM effect, these two factors
play a crucial role in its observation.

In this study, the influence of seismic radiation directionality on the recording of the
CoSEM effect is minimized. This is indicated by two key factors: first, the sufficiently dense
azimuthal coverage of observation points relative to the source area (see Figure 1); second,
earthquakes with different focal mechanisms are included in the analysis (see Table 1).
Since the focal mechanism determines the directivity graph of the body wave radiation
(including the polarity and amplitude of P- and S-waves), the processing of events with
different types of focal mechanisms also neutralizes the influence of a specific type of
source on the manifestation of the effect under study.
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Figure 4. R components of the seismic (red curve) and magnetic (green curve) signals of the GKamE-
2025 event, recorded at the Mikhnevo observatory (epicentral distance 63°). In addition to the
main P and S body waves, the seismogram also contains phases formed by reflection from the
ground surface (PP, SS) and interaction with the core-mantle boundary (ScS, SKS, SKKS). CoSEM
disturbances produced by longitudinal waves, if present, have an amplitude that does not exceed the
electromagnetic background; the CoSEM signal of shear and surface waves is clearly recorded.

To minimize the influence of random factors and spatial heterogeneity in the dis-
tribution of recording equipment, the selected observatories are grouped by epicentral
distance. We use six ranges (in arc degrees): 20-30, 40-45, 50-60, 60-70, 70-80, and 80-90
(see Table 1). For each seismic event, magnetograms at all observatories in the group are
examined for the presence of a CoSEM signal. A result for a group is considered positive if
a disturbance is recorded at least at one observatory. Signal presence is determined sepa-
rately for each phase. Obviously, the shape of the CoSEM disturbances in magnetogram
components may not match the shape of the corresponding seismic records, so when detect-
ing them, we focus on the increase in magnetic field amplitude at the arrival times of the
corresponding waves. At large epicentral distances (starting from approximately 50°), the
arrival time of the main S-wave is close to the arrival times of one or more phases formed
at internal seismic boundaries (see Figure 4). Since the objective of this study is to register
the presence or absence of CoSEM disturbances as such, a separate analysis of the CoOSEM
effect from different phases is not conducted.

Table 3. Distribution of mechanisms of aftershocks of the Kamchatka earthquake for the period July 29 — December 31, 2025 according
to the types of movement in the source based on classification according to the plunge angles of the main axes

20-30 40-45 50-60 60-70 70-80 80-90
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The results of a comparison of geomagnetic and seismic measurements are presented
in Table 3. If the magnitude of an event does not exceed 7.0, the resulting CoSEM effect is
not observed even at relatively close observatories. On the other hand, waves generated
by earthquakes with even greater magnitudes (in our case, with My, > 7.4) are capable of
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producing CoSEM disturbances at epicentral distances of up to 90°, which is the limit for
direct body waves.

4. Conclusion

The conducted studies show that the CoSEM signal of teleseismic waves recorded
by the INTERMAGNET magnetic observatories is primarily evident at periods between
1 and 30 seconds. The presence of noise in this period range can obscure or significantly
suppress the coseismic component. Therefore, a prerequisite for its observation is the
availability of high-quality 1-second geomagnetic field recordings at the observation sites.
The wide spatial distribution of observatories and continuous geomagnetic field measure-
ments make it possible to study the properties of the CoSEM disturbances caused by
earthquakes at arbitrary epicentral distances.

The source of the CoSEM disturbances under study are the seismic waves emitted by
GKamE-2025, as well as its foreshocks and aftershocks. Rather large number of events with
magnitudes M > 7, localized in a relatively small area, increase the statistical significance
of the analysis. It turns out that the CoSEM effect generated by body waves manifests itself
at extreme epicentral distances if the source of these waves is the strong earthquakes with
a magnitude of M > 7.0. However, we note that for events with a magnitude of M < 7.0,
the generated waves do not produce a noticeable CoSEM effect even at relatively close
epicentral distances.
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