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Abstract

Ionospheric descent has been observed prior to intense earthquakes. Changes in the velocity of Medium-Scale Traveling
Tonospheric Disturbances (MSTID) have also been reported, leading to various discussions about the electromagnetic
coupling between the Earth's crust and the ionosphere. We previously reported that during pre-seismic fracturing of the
crust, water penetrates the fractured layer in a high-temperature, high-pressure supercritical state. Due to sudden pressure
changes during penetration, nanoparticles can be generated from ions dissolved in the supercritical water. Additionally,
due to the low conductivity and high temperature of the supercritical water, electron emission from nanoparticles can
occur, resulting in their positive charging. When the fractured layer becomes charged, the Earth's surface potential changes,
affecting the electric field strength between the Earth's surface and the lower ionosphere. By assuming that the charged
fractured layer attracts the ionosphere, we estimated the time constant of ionospheric descent, finding that the calculated
value closely matches the observed descent time constant. This suggests that electrostatic capacitive coupling between
the charged fractured layer and the ionosphere may be responsible for the ionospheric anomalies observed before intense
earthquakes.
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1. Introduction

Prior to intense earthquakes, crustal fractures can be filled by supercritical water containing dissolved ions,
leading to nanoparticle formation [1, 2]. High temperatures due to geothermal heating and friction cause
thermionic electron emission, positively charging the nanoparticles [3]. Since supercritical water has low
electrical conductivity, the fractured layer can be regarded as a capacitor [2, 4].

Anomalies such as change of total electron content, TEC, and ionospheric descent [5, 6], changes in
MSTID velocity [7, 8], and electromagnetic wave emissions [9] have been observed before intense earthquakes.
We hypothesize that charged fractured layers may be responsible for these phenomena. Previously, we reported
on the capacitance and electrostatic energy of fractured layers [1]. In this study, we estimate the time constant
of ionospheric descent caused by electrostatic coupling with a charged fractured layer. It should be noted that
our hypothesis excludes space-weather induced disturbances.

2. Electrostatic coupling of the charged fractured layer and the ionosphere

Recent geological surveys near large earthquake epicenters have revealed that fault gouges contain smectite, a
slippery mineral that may retain absorbed water [10]. Prior to intense earthquakes, crustal water infiltrates the
fractured layer as supercritical water, expanding and generating nanoparticles [4]. Due to a decrease in the ion
product of water upon expansion, nanoparticles are generated. Frictional heating in geothermally high-
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temperature areas induces thermionic emission, resulting in positive charging of the fractured layer. The
interlayer voltage of the charged fractured layer, estimated based on micro-gap spark breakdown experiments,
is approximately V; = 300 V[11]. This electrical breakdown may generate electromagnetic waves [9, 12].

Crustal fracturing before an intense earthquake often occurs in multiple stages, culminating in a major rupture
[13]. To calculate the electrostatic energy of the fractured layer, we consider a single crustal fracture parallel
to the Earth's surface.

Assuming the fractured layer thickness is 10~ m, and the relative permittivity within the layer is 5.0, the

capacitance per unit area, charge amount, and electrostatic energy are:

Electrostatic capacitance Cj : 443 x107% Fm™ @)
Charge amount Q, : 1.3 x1073 Cm™ ()
Electrostatic energy W, : 20 x107t Jm™? 3)

A charged fractured layer generates an electric field, E,, between the Earth's surface and the ionosphere,
superimposing onto the global circuit (Fig. 1). This perturbation terminates at the lower ionospheric boundary
due to the short Debye length of the ionosphere [14]. At this boundary, diffusive electrons are extracted by E,
and recombine with neutral molecules or positive ions, forming space charges that attenuate E,. As electrons
are extracted, upper-layer plasma is pulled downward to maintain electrical neutrality.
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Fig. 1. Schematic diagram of the effect of charged fractured layer filled with
supercritical water in the crust to cause ionospheric descent.

The attenuation of E, occurs through the following paths: (a) charge dissipation within the supercritical
fractured layer, (b) discharge through the surrounding crust, and (c) generation of space charge under the
ionosphere. In paths (a) and (b), the electric field decreases due to the discharge of stored charge, while in (¢),
the electric field is reduced by the space charge created by electrons flowing out of the lower boundary of the
ionosphere. In the following discussion, we assume that the time constants of paths (a) and (b) are long
compared to that of ionospheric descent and consider only the attenuation of E, caused by path (c).

It has been reported that the ionosphere descends by approximately 20 km before an intense earthquake
[6]. Assuming the electron density of the ionosphere, N, =5 x 10" m~3, and the electronic charge e =
—1.6 x 1071° C, the total charge of electrons per unit area contained within a descent distance of D = 20 km
is calculated as follows:
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Qp =eN,D =—-1.6 x 1073 Cm™2 4)

This value is close to cancel the charge given in equation (2). If the charge in the fracture, Q, =
1.3 x 1073 Cm™2 in Eq. (2) is used for the descent, D could be 16.5 km.

3. Estimation of ionospheric descent velocity

Assuming that the electric field generated by the charged fractured layer induces ionospheric descent, we
estimate the descent velocity.

The ionospheric conductivity comprises parallel conductivity gy, Pedersen conductivity op, and Hall
conductivity gy . As the height decreases to near 100 km, all conductivities decrease [11]. The apparent
conductivity of the lower ionosphere boundary, g, is unknown and estimated as follows.

The electric field E, terminates at the lower ionospheric boundary due to the short Debye shielding length
[12], extracting diffusive electrons. The extracted electrons attach to neutral molecules or positive ions,
forming low-mobility negative space charges that reduce E, over time. Therefore, E, can be noted as E,(t).
The electrons of upper-ionosphere diffuse downward to compensate for the shortage of electrons at the lower
boundary. The descend of electrons in the dense part of the plasma will be followed by positive ions, causing
the ionospheric descent observed in ionograms.

The electron current density, J(t), extracted by E,(t) depends on the apparent conductivity o, of the
boundary. The extracted current density, J(t), is given by

](t) = —0y Ez(t) (5

The apparent conductivity, o4, is not known. Therefore, we estimate g, from the observed descent velocity
of the ionosphere.

Fig. 2 shows the time variation of the height, H of ionosphere (F-layer) measured using an oblique
(Yamagawa-Wakkanai) ionosonde observation during the Noto Peninsula earthquake (M7.6) on January 1,
2024, at 16:10 JST. The original recorded data have been provided by NICT (National Institute of Information
and Communications Technology) [15]. Using this oblique ionogram observation between Wakkanai
(transmitter) and Yamagawa (receiver) in Japan, we analyze time variations in ionospheric height around the
Noto Peninsula [16]. As reported in ref.16, the first-hop reflection point of this oblique ionogram is slightly
north of Noto-Peninsula and close to the epi-center of the earthquake.
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Fig. 2. Height of F-layer of the ionosphere measured using an oblique ionogram (Wakkanai transmitter
-Yamakawa receiver oblique data provided by NICT [15]), prior to an intense earthquake of M7.6 at
Noto Peninsula, Japan, on Jan. 1, 2024.
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Fig. 3 shows an oblique ionogram one hour prior to the main shock of the Noto Peninsula earthquake. The
signal emitted from Wakkanai, Hokkaido, Japan, has been received at Shionomisaki Wind Effect Laboratory,
Wakayama, a research facility of Kyoto University. The sounding point of the oblique ionogram is about 250
km northeast of Noto peninsula. The data, published in 2024 [17], also showed the decrease of the height of
ionosphere.

From T = 15:00 h to 15:10 h (JST), during 0.1 h (360 sec), H decreased from 366.0 km to 351.6 km,
corresponding to a descent of 14.4 km. During this period, the averaged descent velocity is read to be v, =
40 ms~1,
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Fig. 3. An oblique ionogram (Wakkanai-Shionomisaki) at 15:00 JST, January 1, 2024, 1hour 10 min.
prior to Noto Peninsula Earthquake [17]. The signal emitted from Wakkanai, Hokkaido, was received at
the Shionomisaki Wind Effect Laboratory Kyoto University, Wakayama. The location of the sounding
point (first-hop reflection point) is about 250 km northeast of the epi-center.

To minimize reading errors from the graph, we assume the height H being an exponential decay function
with time constant t, and use the relationship that the slope at t = 0 is v/e times the slope at t = 1/2. From the
graph in Fig. 1, T can be estimated to be between 360 and 720 sec. The slope att=360s (40 m s~1) is regarded
as the slope at t =1/2. Then the initial ionospheric descent velocity, immediately after the start of this descent,
is estimated to be v(0) = 66 m s~ 1.

Given an electron density at this height, N, = 5 x 101! m™3, the charge transported by electrons in the
first 1 second (current density) is:

J(0) =eNev(0) =—-53%x10"° Am™2 (6)
The initial electric field E,(0) at H = 100 km is:
E,(0)=3.0x10"3 Vm™! (7)

The electrons are extracted from the boundary by E,(0) to constitute the current. Therefore, the apparent
conductivity can be obtained from the following relation.
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J(0) = —04 E,(0), o4 =1.8%x1073 Sm™! 8)

The extracted electrons form negative space charge and reduce E, (t).

2D = J(6) = —0uE,(0) ©

t
COHEz(t) = Qo - fO O-AEz(t)dt (10)
Assuming: Cp = 4.4 x107® Fm™2, 1, =300V, Q,=13 x1073 Cm™2, then
E,(t) = E,(0)exp (—t/7) (11)

E,(0) =3.0x1073 Vm™!, 7= CyH/S =2.5x10% sec.

J(£) = —04E,(t) = =5.3 x 10° exp (- ) Am~? (12)

2.5X102

The time constant of 7 = 2.5 X 10% sec is close to the observed values.

The descending velocity, v(t)

v(t) =J(t)/eN, = 66 exp (— ) m/sec (13)

t
2.5X102

Descending distance, D (t)

D(t) = [, v(t)dt = 165 x 103 {1 — exp (— 2_5;102)} m (14)

We have proposed an electrostatic coupling model in which the electric field generated by a charged
fractured layer induces ionospheric descent. This proposed mechanism is summarized as follows:

The electric field from the Earth's surface to the ionosphere is terminated at the lower boundary of
ionosphere, because the Debye length is very small [14]. Assuming that the charge density of both electrons
and positive ions in the lower ionosphere are 3 X 1011 m™3, then the Debye length is approximately
2x 1072 m.

Across the lower boundary, highly diffusive electrons are drawn out by the electric field. Then, electrons
in the upper-layer diffuse downward to maintain charge neutrality. Positive ions also follow the descending
flow of electrons. The extracted electrons attach to neutral molecules or positive ions to form negative space
charge having low mobility. In this way, the negative space charge counteracts the terminating electric field
generated by the charged fractur in the crust.

The current flowing across the lower boundary determines the ionospheric descent velocity. However,
since the electrical conductivity of the boundary layer is unknown, we estimated it by back-calculating from
the observed ionospheric descent velocity obtained from the ionogram shown in Fig. 2.

1 hour prior to the earthquake, the observed ionospheric height changed as follows.

e T=1500hto T=15.20h, H=366 km to H =340 km

e T=1540hto T=15.70 h, H=346 km to H =336 km

e T=1575hto T=16.00 h, H=340 km to H = 328 km
The ionosphere exhibited a stepwise descent. The maximum descent observed in a single instance was 26 km
(from H =366 km to 340 km). In contrast, a single instance of charging in the fractured layer is estimated to
cause an ionospheric descent of up to approximately 16.5 km. However, the maximum descent observed in
Fig. 2 exceeds this value. This comparison suggests a possibility that, prior to a major rupture of the crust, the
fracturing took place successively and resulted in a step wise accumulation of the charge in the fractured layer.

Additionally, at the moment of major rupture, the ionospheric height increased. If a charged fractured layer
undergoes a major rupture, the charged layer could be segmented and could be discharged through surrounding
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conductive boundary of each segment. This rapid discharge could lead a sudden change in the electric field to
the ionosphere.

It should be noted that the hypothesis of electrostatic coupling excludes space weather -induced variations.
Since ionospheric height is constantly fluctuating, to utilize ionospheric descent as a precursor for earthquakes,
it is necessary to identify characteristic changes associated with past major earthquakes and find highly
correlated anomalous variations.

4. Conclusion

Prior to intense earthquakes, the crust starts fracturing, and the fractured layer could possibly be electrically
charged. An electric field is formed between the Earth's surface and the ionosphere. This study examined
whether the amount of charge that accumulates in a fracture layer could be sufficient to cause the observed
ionospheric descent before an intense earthquake. The proposed mechanism makes it physically possible for
ionospheric anomalies to take place. Moving forward, it is believed that detailed observations of ionospheric
anomalies should be conducted to verify the hypothesis presented here.
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