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Abstract: Changes in the underlying conductivity around hypocenters are generally considered one
of the promising mechanisms of seismo-electromagnetic anomaly generation. Parkinson vectors are
indicators of high-conductivity materials and were utilized to remotely monitor conductivity changes
during the MW 6.5 Jiuzhaigou earthquake (103.82◦E, 33.20◦N) on 8 August 2017. Three-component
geomagnetic data recorded in 2017 at nine magnetic stations with epicenter distances of 63–770 km
were utilized to compute the azimuths of the Parkinson vectors based on the magnetic transfer function.
The monitoring and background distributions at each station were constructed by using the azimuths
within a 15-day moving window and over the entire study period, respectively. The background
distribution was subtracted from the monitoring distribution to mitigate the effects of underlying
inhomogeneous electric conductivity structures. The differences obtained at nine stations were
superimposed and the intersection of a seismo-conductivity anomaly was located about 70 km
away from the epicenter about 17 days before the earthquake. The anomaly disappeared about
7 days before and remained insignificant after the earthquake. Analytical results suggested that
the underlying conductivity close to the hypocenter changed before the Jiuzhaigou earthquake.
These changes can be detected simultaneously by using multiple magnetometers located far from the
epicenter. The disappearance of the seismo-conductivity anomaly after the earthquake sheds light on
a promising candidate of the pre-earthquake anomalous phenomena.
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1. Introduction

Seismo-electromagnetic anomalies have been observed in a wide frequency band in several previous
studies [1–18]. Fraser-Smith et al. [5] found that the magnetic field in a frequency band of 0.01–0.5 Hz
was significantly enhanced 3 hours before the Loma Prieta earthquake. Molchanov et al. [15] observed
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similar anomalous enhancements in a band of relatively high frequency (0.1–1 Hz) 4 hours before the MS

6.9 Spitak earthquake. Enhancements were observed in a relatively-low frequency band of 0.005–0.03
Hz about 1.5–1.0 months before the Biak earthquake [11]. Telesca et al. [19] investigated 270 events
with magnitude between 4.0 and 6.5 in Japan, and concluded that associated anomalies distributed
in a frequency band ranging between 0.001 Hz and 10 Hz appeared from several days to 2 months
before earthquakes. Chen et al. [2] reported similar seismo-geomagnetic anomaly characteristics in
the frequency and temporal domain using magnetic data recorded in Taiwan. With advantage of
studies in a long time, the ultra-low-frequency (ULF) band mainly ranging between 0.005 Hz and
0.01 Hz is promising for detecting seismo-electromagnetic anomalies [2,5,7,11,15]. Although the causal
mechanisms of seismo-electromagnetic anomalies remain unclear, stressed rocks [20,21], small conductivity
fluctuations [22], piezomagnetism effects [23,24] and positive hole effect [25] are potential reasons for
their occurrence.

Parkinson vectors (induction vectors) [26,27] are indicators of high-conductivity materials
underground. These vectors are computed by using three-component geomagnetic data and are
generally directed toward the ocean [28,29]. This magnetic coast effect is caused by an induction
field excited by the significant discrepancy in electrical conductivity between sea water and rocks.
Thus, Parkinson vectors can be also utilized to study the discrepancy in electrical conductivity on
land [30,31]. Chen et al. [32] computed Parkinson vectors utilizing 20 different frequency bands
at a magnetic station on Taiwan Island to study changes in conductivity at depths from 5 km to
100 km with a step of 5 km through the skin effect. When the influences of high-conductivity
materials underground from sea water and inhomogeneous electric structure are removed [32],
the direction of Parkinson vectors can be related and/or direct to earthquakes [32–35] due to that
stress accumulation in seismogenic zones leads to changes in underlying electric conductivity [35–37].
Meanwhile, frequency bands of Parkinson vectors anomaly are related to the depths of hypocenters.
In contrast, Chen et al. [38] found that Parkinson vectors can also point away from the epicenters
before earthquakes. This is caused by positive and negative strain changes that appear alternately
short-term before an earthquake [39]. The Parkinson vectors can point toward an epicenter at a stage
of negative strain. Alternatively, the Parkinson vectors can point backward an epicenter at a stage of
positive strain. An intersection area can be determined by using the toward direction together with the
backward direction of Parkinson vectors from three stations. The intersection is located about 32 km
away from the epicenter one day before the earthquake [38]. These studies suggest that the Parkinson
vectors are sensitive to the locations of earthquakes and can be observed by multiple geomagnetic
stations simultaneously.

On 8 August 2017, at 13:19:49 UT, the dislocation of a strike-slip thrust fault caused a destructive
earthquake (33.20◦N, 103.82◦E) in Jiuzhaigou (MW = 6.5 and depth = 20.0 km from China Earthquake
Networks Center (CENC)) [40], in north Sichuan province, China. Nine geomagnetic stations
(i.e., Dao-Fu (DF), Da-Wu (DW), Gui-De (GD), Jiang-You (JY), Ma-Bian (MB), Ping-Di (PD),
Song-Pan (SP), Xi-Chang (XC) and Zhou-Qu (ZQ); Table 1), which are distributed with epicentral
distances ranging between 63 km and 770 km (Figure 1a), are selected for our study. These stations
routinely monitor variations of the geomagnetic field in three (i.e., north-south, east-west, and vertical)
components with a sampling interval of 1 second. The geomagnetic data within a low-noise
observation duration (i.e., local time between 11:00 PM and 5:00 AM shown in Figure 1b) each
day in 2017 are utilized to compute Parkinson vectors by using three promising frequency bands
(0.001–0.005 Hz, 0.005–0.01 Hz, 0.01–0.05 Hz) to avoid artificial disturbances. These data are utilized
to investigate the seismo-conductively anomalies associated with the Jiuzhaigou earthquake based on
the Parkinson vectors.
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Figure 1. The map (a) illustrates the distribution of stations (the blue triangles), and the yellow star 
denotes the epicenter of Jiuzhaigou earthquake. The curves (b) displays the magnetic data of the X, Y 
and Z components within a low-noise observation duration (i.e., 11:00 PM–05:00 AM) per day in 2017 
at the Songpan (SP) station. 

Table 1. Locations, epicentral distances and azimuths to the epicenter of the nine selected stations in 
this study. 

Stations Latitude (°N) Longitude (°E) Epicentral  
Distance (km) 

Azimuth (°)  
to the Epicenter 

Songpan (SP) 32.1 103.6 63 18 
Zhouqu (ZQ) 33.8 104.4 82 218 
Jiangyou (JY) 31.8 104.7 180 330 
Daofu (DF) 31 101.1 350 45 
Dawu (DW) 34.5 100.2 360 113 
Guide (GD) 36 101.4 385 145 

Mabian (MB) 28.5 103.3 484 3 
Xichang (XC) 27.9 102.6 540 17 
Pingdi (PD) 26.2 101.8 770 15 

2. Methodology 

Parkinson [26] proposed a short-term relationship among D (declination), H (horizontal) and Z 
(vertical) components (or X (north-south), Y (east-west) and Z components) in the geomagnetic field. 
Changes in these components can form a plane that is called “preferred plane” [26]. The reverse 
inclination of the plane reflects the direction of the high-conductivity structure, and the larger dip of 
the plane indicates greater difference in conductivity. The Parkinson vector [27] was proposed to 
indicate the inclination of the plane pointing toward the region where the conductivity is higher than 

Figure 1. The map (a) illustrates the distribution of stations (the blue triangles), and the yellow star
denotes the epicenter of Jiuzhaigou earthquake. The curves (b) displays the magnetic data of the X, Y
and Z components within a low-noise observation duration (i.e., 11:00 PM–05:00 AM) per day in 2017
at the Songpan (SP) station.

Table 1. Locations, epicentral distances and azimuths to the epicenter of the nine selected stations in
this study.

Stations Latitude (◦N) Longitude (◦E) Epicentral
Distance (km)

Azimuth (◦)
to the Epicenter

Songpan (SP) 32.1 103.6 63 18
Zhouqu (ZQ) 33.8 104.4 82 218
Jiangyou (JY) 31.8 104.7 180 330
Daofu (DF) 31 101.1 350 45
Dawu (DW) 34.5 100.2 360 113
Guide (GD) 36 101.4 385 145

Mabian (MB) 28.5 103.3 484 3
Xichang (XC) 27.9 102.6 540 17
Pingdi (PD) 26.2 101.8 770 15

2. Methodology

Parkinson [26] proposed a short-term relationship among D (declination), H (horizontal) and
Z (vertical) components (or X (north-south), Y (east-west) and Z components) in the geomagnetic
field. Changes in these components can form a plane that is called “preferred plane” [26]. The reverse
inclination of the plane reflects the direction of the high-conductivity structure, and the larger dip of the
plane indicates greater difference in conductivity. The Parkinson vector [27] was proposed to indicate
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the inclination of the plane pointing toward the region where the conductivity is higher than nearby in
the southern hemisphere. In practice, the vectors are derived from the magnetic transfer function [29]:

Z( f ) = A( f ) ×X( f ) + B( f ) ×Y( f ) (1)

where Z(f), X(f) and Y(f) are the power spectrums at the particular frequency of f, while A(f) and B(f)
are the coefficients of the magnetic transfer function. Each comprises the real part (Ar(f) and Br(f)) and
the imaginary part (Au(f) and Bu(f)) and is written as follows:

A( f ) = Ar( f ) + iAu( f ) (2)

B( f ) = Br( f ) + iBu( f ) (3)

The azimuth Pa(f) and magnitude Pm(f) of the Parkinson vectors can be calculated utilizing Ar(f)
and Br(f) through the following formulas:

Pa( f ) = arctan (Br( f )/Ar( f )) + 180 (4)

Pm( f ) =
(
Ar( f )2 + Br( f )2

)1/2
(5)

We computed the X(f), Y(f) and Z(f) values using a moving window of 3 hours with a step of
one minute, while Ar(f) and Br(f) were calculated from every two minutes. The center of the window
moves from 00:30 AM to the end of 3:30 AM. Note that f in a frequency band of 0.005–0.01 Hz
is utilized for explanation in the text. In addition, f values in a relatively low frequency band
(0.001–0.005 Hz) and a relatively high frequency band (0.01–0.05 Hz) were considered for an overview
of the seismo-conductivity anomalies in a wide band. A total of 179 Parkinson vectors were obtained
in one day.

When the Parkinson vectors are utilized to investigate the seismo-conductivity anomaly before
an earthquake, the influences from the underlying inhomogeneous electrical structure around the
stations have to be considered. Because locations of high conductivity materials underground can
be considered to be persistent [32,38] within in one year, the background azimuth distribution was
constructed by utilizing the entire Pa(f) at each station in 2017. Meanwhile, to mitigate noise and
the influences of periodic variations (i.e., semi-diurnal, diurnal and semi-moon variations) on the
geomagnetic data, and to have sufficient capacity of earthquake forecast in the time scale, the monitoring
distributions were computed utilizing Pa(f) within a 15-day moving window (also see [32,38]) to
examine the relationship between Pa(f) and earthquakes. Note that the background and monitoring
distributions were binned by 10◦. The count of Pa(f) in each bin is divided by the total number of Pa(f)
as normalization on the background and monitoring distributions for fair comparison. The normalized
background distribution was subtracted from the normalized monitoring distributions to mitigate
the influence of underlying inhomogeneous electrical structures at each station. The difference
obtained was further divided by the normalized background distribution in each bin to compute
the anomalous proportion. The division is utilized to fairly determine the anomalous proportion
in each bin. The anomalous proportions both in a particular direction and in the reverse direction
are replaced by the largest value due to that the Parkinson vectors can point toward or away from
the epicenters during earthquakes [38]. Finally, the anomalous proportions are further divided by
the maxima of them as the normalized anomalous proportions in each day that is benefit for fair
comparison among different time and distant stations. Note that those processes limit the normalized
anomalous proportions ranged between 0% and 100%. A radiation map was constructed by using the
normalized anomalous proportions to reveal anomaly in distinct directions referring to a station in the
spatial domain. We assumed that the conductivity anomaly can dominate the Parkinson vectors that
are derived from areas with distance less than 400 km (also see [29]). We superimposed these radiation
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maps retrieved from the stations as an integrated map to mitigate disturbances from unknown factors
via formula (6),

AVEi =
∑

Vs, i ×
1
n

(6)

where AVEi is the average value in the ith grid (0.1◦ × 0.1◦) for the integrated map; Vs,i is the value
of the normalized anomalous proportions in the ith grid for the s station that is located within the
distance of 400 km from the ith grid; n is the total number of the stations with a distance less than
400 km from the ith grid. Note that grids in an integrated map, which are covered by at least 3 stations
(i.e., n >= 3), are considered. Thus, an interaction area with the high-level anomaly is the location of
the conductivity anomaly that would relate to earthquakes.

The normalized anomalous proportion of 80% is determined as the anomaly in this study.
The determination suggests that the probability of presence of anomaly at each station in one day is 0.2.
The 80% probability of presence of anomaly in an integrated map is 0.008 (= 0.23) due to a coverage of
at least 3 stations that can be considered to be a rare event. Once the 80% probability of the presence of
an anomaly in an integrated map continues for 10 days in an area, the probability of the presence of
an anomaly is rather small (0.00810). We thus have the confidence to admit the anomaly.

3. Analysis Applied to the Geomagnetic Data in the Frequency Band of 0.005–0.01 Hz

We utilized the geomagnetic data retrieved from the three (i.e., JY, SP, and ZQ) stations that were
closest to the epicenter of the Jiuzhaigou earthquake as an example to demonstrate the analytical
processes employed in investigating the associated conductivity anomaly. Figure 2 shows the
background distributions of the Parkinson vectors calculated by the entire study period of 2017 at
the JY, SP and ZQ stations. The Parkinson vectors that were computed from the geomagnetic data at
these stations did not direct toward an ocean due to that these stations are located far away from the
sea water. Instead they directed toward high-conductivity materials around due to inhomogeneous
electrical structure. At the SP station, the azimuths of the Parkinson vectors in the background are
mainly distributed at approximately 85◦ toward the east. In contrast, the azimuths at the JY and ZQ
stations are distributed at approximately 260◦ and 250◦, respectively, toward the west. Those azimuths
yielded an intersection in a region close to (104.00◦E, 32.00◦N) that agrees with the existence of
a high-conductivity layer beneath the eastern Songpan-Ganzi block [41].

Remote Sens. 2020, 12, x FOR PEER REVIEW 5 of 15 

 

where AVEi is the average value in the ith grid (0.1° × 0.1°) for the integrated map; Vs,i is the value of 
the normalized anomalous proportions in the ith grid for the s station that is located within the 
distance of 400 km from the ith grid; n is the total number of the stations with a distance less than 400 
km from the ith grid. Note that grids in an integrated map, which are covered by at least 3 stations 
(i.e., n >= 3), are considered. Thus, an interaction area with the high-level anomaly is the location of 
the conductivity anomaly that would relate to earthquakes. 

The normalized anomalous proportion of 80% is determined as the anomaly in this study. The 
determination suggests that the probability of presence of anomaly at each station in one day is 0.2. 
The 80% probability of presence of anomaly in an integrated map is 0.008 (= 0.23) due to a coverage 
of at least 3 stations that can be considered to be a rare event. Once the 80% probability of the presence 
of an anomaly in an integrated map continues for 10 days in an area, the probability of the presence 
of an anomaly is rather small (0.00810). We thus have the confidence to admit the anomaly. 

3. Analysis Applied to the Geomagnetic Data in the Frequency Band of 0.005–0.01 Hz 

We utilized the geomagnetic data retrieved from the three (i.e., JY, SP, and ZQ) stations that 
were closest to the epicenter of the Jiuzhaigou earthquake as an example to demonstrate the analytical 
processes employed in investigating the associated conductivity anomaly. Figure 2 shows the 
background distributions of the Parkinson vectors calculated by the entire study period of 2017 at the 
JY, SP and ZQ stations. The Parkinson vectors that were computed from the geomagnetic data at 
these stations did not direct toward an ocean due to that these stations are located far away from the 
sea water. Instead they directed toward high-conductivity materials around due to inhomogeneous 
electrical structure. At the SP station, the azimuths of the Parkinson vectors in the background are 
mainly distributed at approximately 85° toward the east. In contrast, the azimuths at the JY and ZQ 
stations are distributed at approximately 260° and 250°, respectively, toward the west. Those 
azimuths yielded an intersection in a region close to (104.00°E, 32.00°N) that agrees with the existence 
of a high-conductivity layer beneath the eastern Songpan-Ganzi block [41]. 

 

Figure 2. The background distributions of the Parkinson vectors at the SP, ZQ and JY stations are 
illustrated as an example. The circle center indicates the location of each station, the radius denotes 
the normalized proportion of the Parkinson vectors at particular azimuths. The pentagrams show the 
azimuth of the epicenter relative to each station. 

Figure 3 details the normalized anomalous proportions in the three selected stations from 90 
days before to 15 days after the Jiuzhaigou earthquake. About 90–80 days and 60–50 days before the 
earthquake, the normalized anomalous proportions >80% at the SP station were respectively 

Figure 2. The background distributions of the Parkinson vectors at the SP, ZQ and JY stations are
illustrated as an example. The circle center indicates the location of each station, the radius denotes
the normalized proportion of the Parkinson vectors at particular azimuths. The pentagrams show the
azimuth of the epicenter relative to each station.
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Figure 3 details the normalized anomalous proportions in the three selected stations from
90 days before to 15 days after the Jiuzhaigou earthquake. About 90–80 days and 60–50 days before the
earthquake, the normalized anomalous proportions >80% at the SP station were respectively distributed
at azimuths of about 240◦ and 340◦, which yields a difference about 40◦ larger than the epicenter-to-SP
azimuth and SP-to-epicenter azimuth, respectively (Figure 3a). The normalized anomalous proportions
> 80% were distributed at azimuths of about 200◦ 40–15 days and 80–70 days before the earthquake that
roughly agrees with the epicenter-to-SP azimuth (i.e., the back azimuth) (Figure 3a). About 15 days
before the earthquake, the normalized anomalous proportions > 80% appeared at the azimuth of about
20◦ that were directed toward the epicenter of the Jiuzhaigou earthquake (Figure 3a).

Regarding the JY station, the normalized anomalous proportions >80% were distributed at
azimuths of about 150◦ 85–75 days and 30–20 days before the earthquake that roughly agree with the
epicenter-to-JY azimuth (Figure 3b). About from 75 to 35 days before the earthquake, the normalized
anomalous proportions >80% were distributed at the azimuth of about 320◦ to 340◦, which yields
within 10◦ related to the JY-to-epicenter azimuth (Figure 3b). About from 20 to 0 days before
the earthquake, the normalized anomalous proportions >80% were distributed at the azimuth of
about 300◦, which yields a difference about 30◦ larger than the JY-to-epicenter azimuth (Figure 3b).
In terms of the ZQ station, the normalized anomalous proportions > 80% were distributed at 280◦

and they agree with neither the ZQ-to-epicenter azimuth nor the epicenter-to-ZQ azimuth during
the earthquake (Figure 3c). About 80 to 75 days before the earthquake, the normalized anomalous
proportions > 80% appeared at the azimuth of about 45◦ that were agree with ZQ-to-epicenter azimuth
(Figure 3c). An enhancement at about 10◦ close to the ZQ-to-epicenter azimuth appeared a few
days before the earthquake (Figure 3c). Analytical results in Figure 3 suggest that the Parkinson
vectors were sometimes directed toward the station-to-epicenter azimuth or the epicenter-to-station
azimuth before the Jiuzhaigou earthquake. This roughly agrees with the observation in Chen et al. [37].
However, some enhancements (such as the normalized anomalous proportions > 80% at 280◦–360◦ in
Figure 3c) were caused by unknown factors that are difficult to be mitigated by using geomagnetic data
retrieved from one station. If the anomaly is true, it can be observed by multiple stations, simultaneously.
Thus, we constructed an integration map to eliminate unwanted influence and examine whether the
anomaly can be observed by multiple stations.

The radiation maps at the three selected stations one day before the Jiuzhaigou earthquake are
shown in Figure 4a–c. The epicenter was located close to the normalized anomalous proportions
>80% for each station. However, the directions with the normalized anomalous proportions >80%
were irrelevant to the epicenter that also existed in Figure 4a–c. If the conductivity anomaly existed,
multiple stations were simultaneously able to observe it. To mitigate the unwanted influence from
unknown factors and determine a location for the conductivity anomaly associated with the earthquake,
these radiation maps were superimposed as an integrated map shown in Figure 4d. An intersection
area that was located about 50–150 km away from the epicenter in the north was relevant to the
earthquake. Meanwhile, those irrelevant directions that arose from various unknown factors were
mitigated by using the integration method through considering other stations.

We thus superimposed the entire (nine) radiation maps as an integrated map from 30 days before
to 15 days after the Jiuzhaigou earthquake (Figure 5 and Figure S1). The intersections with a significant
anomaly can be observed in a location (i.e., 104.00◦E, 33.86◦N) about 70 km away from the epicenter
17 days before the earthquake. The intersections repeat within a duration of 10 days and become
insignificant 7 days before and until several days after the earthquake. Note that the probability of
the presence of an anomaly is about 0.0003210 due to a coverage of 5 stations continuing for 10 days.
The probability suggests that the presence of anomaly associated the Jiuzhaigou earthquake is a rare
event in the time and spatial domain and cannot be usually observed in this area. Seismo-conductivity
anomaly not only can be observed in the Taiwan island both also the Himalayan-China seismic regions.
Note that other interactions with anomaly were also observed in the study area during the same period.
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However, they were generally temporary, lasting only a few days, and/or were dominated by other
factors that are discussed in the following paragraphs.
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index from 90 days before to 15 days after the Jiuzhaigou earthquake. The black dash lines denote the
azimuths toward either the earthquake azimuths (with the pentagram on the day of the earthquake) or
the anti-earthquake azimuths. The black line in (d) shows the variations of the Dst index.

An interesting phenomenon that some sporadic anomalies start to appear far from the epicenter
(i.e., 103.00◦E-106.00◦E, 34.00◦N-36.00◦N) from 30 days before the earthquake, and gradually become
closer to the epicenter (Figure S1). 17 days before the earthquake, the anomalies mainly exist at the area
(i.e., 104.00◦E, 33.86◦N) about 70 km away from the epicenter. This suggests that the stress is gradually
concentrated from far distance to close the epicenter. The processes of the stress concentration roughly
agree with the evolutions of crustal deformation before earthquakes observed by utilizing Global
Navigation Satellite System data in Chen et al. [37,42,43]. As a result, the seismo-conductivity anomaly
is a promising candidate of the pre-earthquake anomalous phenomena.
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4. Discussion

We take the Dst index during the study period into account (Figure 3d). Magnetic storms occurred on
16 July 2017 (lasting for 5 days; 23-19 days before the earthquake) and 4 August 2017 (lasting for 2 days;
4–3 days before the earthquake). Meanwhile, relatively-small influence can be observed from 21 to 25 July
(i.e., 18 days to 14 days before the earthquake). Although there are some magnetic disturbances from the
space, the durations of those disturbances are generally limited within 1–5 days that is significantly different
with the time durations (10 days for the median frequency band, 25 days for the lowest frequency band,
and 12 days for the highest frequency band) of the conductivity anomaly associated with the Juizhaigou
earthquake. This suggests that the conductivity anomaly reported in this study are not dominated by the
disturbances from the space but probably related with the Juizhaigou earthquake.

To examine the relationships between the depths and the frequency bands proposed in Chen et al. [32],
the integrated maps are constructed by using the anomalous proportions from the Parkinson vectors in the
other two frequency bands (0.001–0.005 Hz in Figure 6 and Figure S2; 0.01–0.05 Hz in Figure 7 and Figure S3).
The intersections with the seismo-conductivity anomaly appear around the location (105.00◦E, 33.50◦N)
that can be observed from integrated maps using a relatively-low frequency band of 0.001–0.005 Hz from
20 days before and 5 days after the Jiuzhaigou earthquake. In addition, the anomalous intersection (105.00◦E,
33.50◦N) can be also observed in the integrated maps using a relatively-high frequency band of 0.01–0.05 Hz
from 13 days to 1 day before the Jiuzhaigou earthquake. These suggest that the seismo-conductivity anomaly
does not exist in a narrow band (i.e., 0.005–0.01 Hz) but in a wide one (i.e., 0.001–0.05 Hz) (also listed in
Table 2). The seismo-conductivity anomalies are detectable by magnetometers with a sampling interval
of 1 minute. On the other hand, the studied frequency bands and hypocenter depths are independent.
The relationships proposed in Chen et al. [32] would be caused by earthquakes with similar depths of about
20 km in the Taiwan region.

Table 2. The locations and time spans of the seismo-conductivity anomalies of the Jiuzhaigou earthquake
obtained from different frequency bands.

Frequency Band (Hz) The Location of the Anomaly The Duration of the Anomaly
to the Earthquake (Day)

0.001–0.005 105.00◦E, 33.50◦N –20 to 5
0.005–0.01 104.00◦E, 33.86◦N –17 to –7
0.01–0.05 105.00◦E, 33.50◦N –13 to –1

Two interesting phenomena are identified from the observation of the seismo-conductivity anomaly
from low to high frequency bands (Figures 5–7 and Figures S1–S3). When we take the skin effect into
consideration [44], a relatively-low (high) frequency reflects changes in conductivity at a relatively greater
(smaller) depth. The appearance of the seismo-conductivity anomaly for the relatively low frequency
band leads to its eventual occurrence in the high frequency bands (i.e., 20 days before for the lowest band,
17 days before for the median band and 13 days before for the highest band). This suggests that the
seismo-conductivity anomaly associated with the Jiuzhaigou earthquake originates from a large depth and
extends upwards to shallower levels. The extension agrees with the theory of seismogenic processes that
stress builds in the lower crust before affecting upper curst triggering the dislocation of faults [45–47].

However, the disappearance and/or decrease of the seismo-conductivity anomaly a few days
before the earthquake can be observed from the integrated maps among three studied frequency bands
(Figure 5, Figure S1, Figure 7 and Figure S3; i.e., 7 days before for the median band and 1 day before
for the highest band). This disappearance and/or decrease suggests that another physical mechanism
dominates the seismogenic zone a few days before the earthquake occurs. Previous studies suggest that
seismo-electromagnetic anomalies are dominated by the accumulation of earthquake-related stress in
the crust [20–24]. In contrast, an increase of micro-cracks along faults has been observed and reported
in previous studies [48–51]. The increase of micro-cracks suggests that at this time the status of the
earthquake-related stress accumulation driving the variations of susceptibility and conductivity [20,21]
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has changed. The numbers of micro-cracks release accumulation of earthquake-related stress, and this
mitigates the seismo-conductivity anomaly a few days before earthquakes. This lack of seismo-anomaly
a few days before earthquakes can also be observed by using the total electron content (TEC) in the
ionosphere [52]. Although upward propagation of acoustic-gravity waves [53,54] is one of the potential
mechanisms of the TEC anomaly, the TEC can also be driven by the seismo-electromagnetic anomalies
on the Earth’s surface [55]. Note that the seismo-conductivity anomaly can be observed from 20 days
before to 5 days after the earthquake for the lowest frequency band. This would be caused by the
elevated temperature of the plastic deep crust where rock is too ductile to crack [45,56]. As for the
anomalies that happened at epicentral direction after the earthquake (i.e., Figure 3a), they would be
caused by the stress along the fault not been fully released after the event.

Although the seismo-conductivity anomaly appears with a duration of about 10 (from 17 days to
7 days before the earthquake) days close to the epicenter of the Jiuzhaigou earthquake, other anomalies
located in different places are also considered in Figure 5. The intersections with the seismo-conductivity
anomaly are located around (105.50◦E, 28.20◦N) from 13 to 12 days before the earthquake. Note that the
anomaly located around (105.50◦E, 28.20◦N) can also be observed from the integrated maps by using the
Parkinson vectors at the relatively low frequency band from 20 to 13 days before the earthquake (Figure S2).
The anomalous intersections can be referred to an earthquake (104.68◦E, 28.13◦N) with a small magnitude
occurring on July 30, 2017 (MS = 3.0, depth = 8 km from CENC). The epicenter is about 570 km away from
the Jiuzhaigou earthquake. In contrast, the intersections with the seismo-conductivity anomaly were located
around (100.50◦E, 31.50◦N) and (104.00◦E, 35.50◦N) in the integrated maps by using the relatively high
frequency band from 15 to 1 day and from 10 to 6 days before the earthquake, respectively (Figure S3).
The anomalous intersections were also located around (100.50◦E, 31.50◦N) in the integrated maps by using
the relatively low-frequency band from 30 to 24 days and from 7 to 4 days before the earthquake. A location
around (100.50◦E, 31.50◦N) is related to a region in the Daofu county (101.00◦E, 31.00◦N) that is rich in
iron ore [57], while a location at (104.00◦E, 35.50◦N) is caused by an unknown reason. This suggests that
disturbances from high susceptibility materials underground directly affecting the geomagnetic field are
difficult to remove and/or mitigate using this method. However, the disturbance is distributed within
a particular frequency band that is different from the wide band that exhibits the seismo-conductivity
anomaly. It can be excluded that this is due to geological characteristics.
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5. Conclusions

The seismo-conductivity anomalies before the Jiuzhaigou earthquake can be simultaneously
observed by the geomagnetic stations with an epicentral distance from 63 km to 385 km.
The seismo-conductivity anomaly distributed in a wide frequency band of 0.001–0.05 Hz is in
an area located about 70 km far from the epicenter. The anomaly appears at a deep depth and gradually
extends to a shallow depth triggering the earthquake that can be obtained by using distinct frequency
bands once the skin effect is considered. These anomalies are excited by the earthquake-related stress
that accumulates in the crust. In contrast, their disappearance a few days before the earthquake would
be dominated by an increase in micro-cracks that partially releases the accumulated stress and/or the
associated frequency tends to high. These suggest that the seismo-conductivity anomaly is detectable
by using far geomagnetic stations through a remote sensing analysis method. Meanwhile, these results
show that seismo-electromagnetic anomalies can be integrated with multiple physical parameters to
construct the potential mechanisms studying anomalous changes during seismogenic processes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/12/11/1777/s1.
Figures S1–S3 shows the integrated maps of the entire (i.e., nine) stations from 30 days before and 15 days after the
Jiuzhaigou earthquake at 0.005–0.01 Hz, 0.001–0.005 Hz and 0.01–0.05 Hz, respectively.
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