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1 AIMS AND CONTENT OF THIS RESEARCH TOPIC
This Research Topic “From Preparation to Faulting: Multidisciplinary Investigations on Earthquake Processes - Volume II” is in the series of the research topic “From Preparation to Faulting: Multidisciplinary Investigations on Earthquake Processes,” so the two research topics shared the similar aims and contents (Huang et al., 2023a). Recent research progress provides state-of-the-art studies on earthquake processes via multidisciplinary approaches coming from geophysical, geochemical, geodetical, and geological routes, which were mostly exchanged at the annual conference of the China Earthquake Prediction Forum (Huang et al., 2023a; Huang et al., 2023b; Huang et al., 2024). As we have noted (Huang et al., 2023a), in seismically active areas, the best disaster mitigation method is to enhance risk evaluation and prediction skills. Over the last few decades, multidisciplinary studies from small-scale fractures in the laboratory to real seismogenic structures in field test sites have given us opportunities to understand the nature of earthquake processes from preparation to faulting. Pre-earthquake observations, methods, and perspectives can provide an up-to-date view in our knowledge of processes preceding earthquake occurrence in China; modeling, which can be employed to set up earthquake forecasting experiments, aims to verify test site areas, whether large or small, even across the world.
2 OVERVIEW ON PUBLISHED CONTRIBUTIONS
There are 15 articles collected for this Research Topic volume II, mostly involving precursors from space view (two articles) and from ground base observation techniques and monitoring networks (2 articles for bore hole strain meter, 2 articles for chemistry of groundwater, 1 article for electromagnetism, 1 article for seismicity, respectively), involving earthquake hazard risk assessment through conventional (two articles) and unconventional (1 article) approaches, involving the seismogenic structure and fault geometry of seismic source (2 article) and numerical modeling (1 article), and specifically involving seismic wave effects of an historical event for the scale of tectonic plate (1 article).
2.1 Precursors of multidisciplinary monitoring networks: from ground base to space view observation techniques
Extracting anomalous changes relevant to earthquake processes from observation systems is the key step for routine earthquake prediction. In the past, research results mainly came from ground-based conventional observation approaches. Nowadays, supported by advanced space science and technology, anomalies from satellite measurements provide space views on earthquake precursors.
Conventional approaches are ground-based observation systems including groundwater measurements, seismograph measurements, deformation measurements, and electromagnetism measurements. Anomalies from hydro-geochemistry of groundwater measurements are generally considered short-term indicators of earthquake occurrence (Chen and Liu, Groundwater trace element changes were probably induced by the ML3.3 earthquake in Chaoyang district, Beijing). Through systematically measuring the chemical components from the surface water to groundwater, scientists can trace the chemical evolution of water and obtain clues as to the mechanisms of earthquake precursors (Bao et al., Stable isotopes and hydrogeochemical evolutions of groundwater from a typical seismic fault zone in the Mt. Lushan region, Eastern China). By way of the three-dimensional numerical simulation method and the field component composition method, the response of low-frequency pre-earthquake electromagnetic radiation was calculated; the seismogenic resistivity anomaly and pre-earthquake electromagnetic radiation are obtained (Fan et al., Characteristic identification of seismogenic electromagnetic anomalies based on station electromagnetic impedance). By using the conventional method of orthogonal expansion in climate change to seismicity data analysis in an innovative way, the research results showed that the temporal indicators from long-term to short-term stages are process-dependent, and the epicenter indicator of future strong earthquakes is closely related to the fault position and the seismic strain contour (Luo et al., Spatio-temporal characteristics of seismic strain anomalies reveal seismic risk zones along the Longmenshan fault zone and adjacent areas). From the satellite data on China’s geostationary meteorological satellite FY-2E/G for weather forecasting, the characteristics of thermal infrared radiation (TIR) anomalous changes prior to deep and shallow earthquakes in Northeast China have been found to be an short-term indicator (Li et al., Research on thermal infrared anomaly characteristics of moderate strong earthquakes in northeast China). From satellite data, scientists also derived the pre-earthquake vertical total electron content (VTEC) variations and statistically researched the characteristics of VTEC before 1,522 shallow (≤60 km) strong (Mw ≥ 6.0) earthquakes in the global area, which occurred between 2000 and 2020, and then declaimed the short-term anomalies within decade-days before earthquake occurrence (Ma et al., Statistical analysis of ionospheric vertical total electron content anomalies before global Mw ≥ 6.0 shallow earthquakes between 2000–2020).
2.2 New views from conventional observation data: borehole strain meter
The borehole strain meter is widely used to observe the strain changes so that the stress-related earthquake precursors can be derived. The co-seismic oscillations of borehole observation data had been neglected due to the low-frequency sampling observation techniques. With high-frequency sampling data, scientists have found a new approach to infer the parameters of the seismic source (Tang et al., The apparent focal depth, emergence angle, and take-off angle of seismic wave measured by YRY-4-type borehole strainmeter as one kind of strain seismograph). This result provides support of the comparison of a fiber seismogram with a conventional seismogram, which promotes the conventional techniques for seeking precursors to new application views. In addition to borehole strain meter observation, through the hypothesis of fluid flow, the mechanisms of remote triggering can be understood (Canitano, Sensitivity limits for strain detection of hypothetical remote fluid-induced earthquakes (Mw ≥ 4): a case study in Taiwan). This is the first attempt to analyze strain time-series for detecting pre-earthquake strain anomalies related to fluid-induced earthquakes and illustrate the challenges in detecting and characterizing intermediate-to far-afield earthquake precursors caused by the fluid flow in active regions.
2.3 From seismogenic structure and fault geometry to co-seismic deformation of the seismic source: useful arrays and powerful modeling techniques
Fault geometry and movement are the main objectives which can be used in prediction models. With a dense array of seismometers and ambient noise or micro-seismic events, the fault structure of the seismic source can be detected (Zhou et al., The 3-D shallow velocity structure and sedimentary structure of 2017 Ms6.6 Jinghe earthquake source area derived from dense array observations of ambient noise; Ma et al., Micro-seismic events detection and its tectonic implications in Northeastern Hainan Province). With the finite element method and clear material heterogeneity and geometric complexity, the co-seismic deformation of earthquakes can be inferred through numerical modeling (Shi et al., Crustal heterogeneity effects on coseismic deformation: numerical simulation of the 2008 MW 7.9 Wenchuan earthquake). This supplies an approach suitable to understand the mechanism of earthquake processes and is a significant step forward for the road map of numerical earthquake prediction in China (Huang et al., 2017a).
2.4 Models for earthquake risk assessment: from conventional to unconventional approaches
With the model of probabilistic seismic hazard analysis (PSHA), a global seismic hazard map was created to be widely used in the social economy. This is a kind of expression of long-term forecasting where the earthquake potential model plays a crucial role. The probabilistic seismic hazard function (PSHF) of the model is region-dependent due to the regional data quality based on the regional research level of tectonic settings and seismic events recorded. The map will be modified after regional strong events. Here, we collected one article on PSHF for Sumatra Island (Triyoso, Probabilistic seismic hazard function based on spatiotemporal earthquake likelihood simulation and Akaike information criterion: The PSHF study around off the west coast of Sumatra Island before large earthquake events). The neo-deterministic seismic hazard assessment (NDSHA) is the new multi-disciplinary scenario and physics-based approach for the evaluation of seismic hazard and safety—guaranteeing “prevention rather than cure.” We collected a review article introducing this new model (Bela et al., Seismic Rigoletto: Hazards, risks and seismic roulette applications). They are conventional approaches to the seismic hazard mostly based on earthquake catalogs. Some scientists have found an unconventional approach to the hazard map mainly based on the areas characterized by the occurrence of thermal waters and/or by the release of deep-seated gases, as traced by the isotope composition of associated helium (see Martinelli et al., Geofluids as a possible unconventional tool for seismic hazard assessment).
Based on seismological methods, the impact of seismic wave effects generated by meteorite impacts over 66 million years ago on the solid Earth itself has been quantitatively explored. The research results show that this event promoted the formation of the Indian Ocean plate, which is of great significance for improving our understanding of spatial distribution patterns of the global disaster risk from outer space, as well as for the development of plate tectonics theory (C. LI, Influence of the Yucatan earthquake event).
All the above progress in this Research Topic volume is largely based on advanced observation techniques and monitoring systems from ground to space which currently operate.
3 DISCUSSION AND PERSPECTIVES
The progress of geosciences sinks its roots in advanced observation techniques. Through advanced laboratory experiment techniques, various scientists have reported that earthquakes are accompanied by possible precursors that can be used for prediction (e.g., Ma, 2016). The long-term cumulated precursors have supplied opportunities to understand the preparation processes of strong earthquakes (Huang et al., 2017b; Martinelli et al., 2021). By way of co-seismic oscillations observed from the borehole strain meter, seismic source parameters can be extracted (see the works of Tang et al. in this volume), the mechanisms of remote triggering can be explained based on the fluid flow hypothesis (see the works of Canitano in this volume). Based on comprehensive analysis of parameters related to geofluids, the stress evolution, and the global seismicity, an unconventional approach of geofluids can be added to the list of fundamental geological parameters to be considered in the hazard assessment (see the works of Martinelli et al. in this volume). Many innovative ideas are included in the articles of this volume, which will play a role in understanding the nature of earthquake processes.
The question as to how can machine learning techniques be used for extracting the precursors from long-term cumulated observation data is raised. The time for earthquake precursors (e.g., Pritchard et al., 2020) is now ripe! Let us broaden our perspectives and make it happen!
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Introduction: In theory, the observation objects and principles of strain seismograph and traditional pendulum seismograph are different, and the characteristics of observed signals should also be dissimilar. The observation results of pendulum seismograph show that seismic waves in inhomogeneous media will undergo refraction, reflection, and attenuation. Then, what signal characteristics can be detected by strain seismograph is great significance for understanding and explaining the observation results.
Methods: Using YRY-4 type four-gauge borehole strainmeter as one kind of strain seismograph to detect the strain tensor change of the plane seismic wave emitted from the surface, a five-site strain seismograph observation network was built in Shanxi Province, with continuous observation for 2 years at a sampling rate of 100 Hz. In this paper, two local events occurring in the area covered by the strain seismograph observation network are taken as examples. We systematically studied the characteristics of seismic wave signals recorded by strain seismographs at five sites, inverted for the focal depth of the two local earthquakes and the relationship between the wave velocity and the wave velocity gradient of the focal depth, and calculated the apparent focal depth, the emergence angle and the take-off angle of seismic waves.
Results: These results show stable uniqueness and apparent regularity, especially since the inverted focal depths are basically consistent with the seismic solutions based on those traditional pendulum seismographs. The observations from this study show that the strain seismograph can be used as an effective supplement to the pendulum seismograph.
Discussion: In the future, we will continue to study the rupture process and focal mechanism of moderate-strong earthquakes and teleseismic earthquakes by combining two kinds of observations.
Keywords: strain seismograph, seismic reaction, emergence angle, focal depth, take-off angle
1 INTRODUCTION
Since the 1960s, relative stress observations have been carried out in the United States, China, Japan and other countries (Sacks et al., 1971; Gladwin, 1984; Ishii, 2001); borehole strain observation is a vital observation method gradually developed from relative stress observation. Scholars in mainland China have developed RZB-type four-component borehole strainmeter (Ouyang, 1977), TJ-type borehole volume strainmeter (Su, 1982), and YRY-type four-component borehole strainmeter (Chi et al., 2009), and continuously improved the observation technology. It has developed to more than 130 stations equipped with borehole strainmeters. These borehole strain observations can record clear solid tides and play an essential role in the field of earthquake monitoring and prediction in mainland China (Huang et al., 2017).
Unlike GTSM strainmeter such as the United States, which can produce high frequency data of 20 Hz, the data sampling rate of strainmeter in mainland China is minute sampling due to data storage and transmission technology. Using these minute data, scholars in mainland China have carried out a lot of research, including the tidal Variation and calibration technology (Qiu et al., 2015), abnormal changes of different earthquakes (Qiu et al., 2010; Liu et al., 2014), co-seismic strain steps (Gong et al., 2019; Li et al., 2020), free oscillation of the earth excited by large earthquakes (Tang et al., 2007; Tang et al., 2008; Qiu, 2017), and also studied and analyzed the influence of water level, air pressure, rainfall and other factors on borehole strain, and studied the data processing methods to identify and eliminate these influencing factors (Zhou et al., 2008; Zhang and Huang, 2011; Zhang et al., 2015). However, these studies are limited to longer period signals because of the low sampling rate.
Numerous studies have shown that the borehole strainmeter can be used for seismic wave observation (Byerly, 1926; Johnston et al., 1986; Borcherdt and Glassmoyer, 1989; Borcherdt et al., 2006; Johnston et al., 2006; Blum et al., 2010; Barbour and Agnew, 2012; Qiu et al., 2015; Barbour and Crowell, 2017; Canitano et al., 2017; Cao et al., 2018; Farghal et al., 2020; Barbour et al., 2021). This initially realized seismologists’ expectations of strain seismographs (Benioff et al., 1961; Aki and Richards, 2002). Although the current horizontal component borehole strainmeter can only detect the two-dimensional strain variation in the horizontal plane, the seismic wave is usually approximated as a plane wave, and both have only three independent components, which can convert to each other. Therefore, this instrument can still be used to observe and analyze the strain variation of seismic waves.
Notably, strain seismographs are different from traditional pendulum seismographs. The traditional pendulum seismograph measures a vector (displacement), while the strain seismograph detects a tensor (displacement gradient). The strain seismograph can provide new information that can be used to carry out further research. One of the most critical research directions is the inversion of focal mechanism with strain seismic observation. Theoretically, the source moment tensor (Qiu et al., 2020) can be converted from the data of at least two strain observation points in different directions. Solving the focal mechanisms of local earthquakes by strain seismic observation can be used as supplementary information for pendulum seismograph observation.
The determination of the focal mechanism by seismic strain observation is theoretically based on the assumption of an ideal homogeneous medium, but the actual crustal strata are inhomogeneous. Figure 1 shows the geometrical interpretation of seismic wave propagation in homogeneous and inhomogeneous media. In a homogeneous medium, the angle (take-off angle) ie between the seismic wave ray from the hypocenter and the normal direction of the ground remains unchanged when the seismic wave propagates linearly, which is equal to the emergence angle i0 when reaching the ground. Seismic waves propagating in non-uniform strata can reflect and refract, and the rays are not straight lines. When the focal depth cannot be ignored, the emergence angle i is generally not equal to the take-off angle, ie. This makes it difficult to solve the focal mechanism by seismic strain observation. The crust is separated from the mantle by the Moho surface, and it can be considered that there is no similar interface within the crust (Wyllie PJ, 1963). However, crustal rock is not a homogeneous medium. Basically, the wave velocity generally linearly increases with depth. As a first-order approximation, it can be considered that the gradient of wave velocity of crustal rocks with depth is a constant; this is defined as a constant velocity gradient model (Stein and Wysession, 2003; Wan, 2016). Under this condition, for local earthquakes, when the observation site is very close to the epicenter (within tens of kilometers), because the seismic waves only propagate in the crust, the initial motion is a direct wave, so the situation becomes relatively simple.
[image: Figure 1]FIGURE 1 | The geometry of the constant velocity gradient model. ie: take-off angle; i: emergence angle for constant velocity gradient medium; i0: emergence angle for homogeneous medium; (d, 0): site coordinates; (0, h): focal coordinates.
As the technical management and planning team of the borehole strain network in Mainland China, we have upgraded and updated the high-sampling data collectors of 10 four-component borehole strainmeters which are producing high frequency data of 100 Hz since 2017, only one site could produce high-frequency data before. Using these data, the ability of four-component borehole strainmeters to record strain seismic waves of earthquakes of different magnitudes has been studied (Qiu et al., 2015; Tang et al., 2022), the study of determining the strain magnitude of seismic surface wave based on borehole strain seismic wave is carried out (Li et al., 2020), Shi et al. (2021) studied the direct observation of co-seismic static stress deviation changes consistent with the theoretical prediction. These sites can record the seismic waves of earthquakes with M6.0 or above in the world (Tang et al., 2022), and can also record the local earthquakes in the area where the site is located. In this article, two earthquakes are experimentally examined through seismic strain observation using a high-density borehole strainmeter network in Xinzhou, Shanxi Province, China. The results show that there is an obvious rule that the emergence angle of seismic waves reaching the observation sites varies with the epicentral distance, which can be simulated by the crustal wave velocity structure model with constant velocity gradient. On this basis, not only the focal depth can be calculated, the take-off angle of seismic wave rays arriving at each observation site can be determined.
2 DATA
YRY-4 type of four-gauge borehole strainmeter (FGBS) is an important instrument for crustal deformation observation in china; the overall composition of the borehole observation (Tang et al., 2020) was designed by us as the drafters for the construction of the seismic industry standard borehole strain stations in mainland China and the four sensors of the YRY-4- type FGBS (Qiu et al., 2013; Li et al., 2021) are shown in Figure 2. The four gauges are arranged at 45° intervals, Si (i =1, 2, 3, 4) is the measurement obtained from each of the four gauges; it directly measure the change in diameter in the corresponding azimuth that results from changes in strain state. Since 2012, the YRY-4 -type FGBS has been used in Xinzhou area of Shanxi Province, and the sites such as Shenchi (SC), Fanshi (FS), Yuanping (YP), Daixian (DX), and Ningwu (NW) have been successively established, forming a high-density local observation network, as shown in Figure 3, and the measurement information of 5 sites are in Table 1. In 2018, we conducted an earthquake monitoring experiment using this observation network with a sampling rate of 100 Hz. Presently, more than 2 years of data have been accumulated. We have been very fortunate to capture two small local seismic events (YP M2.8 and DX M3.0) within the observation network (Figure 3), Table 2 gives the parameters of the two local events calculated by traditional pendulum seismograph, which are provided by the China Seismic Network.
[image: Figure 2]FIGURE 2 | (A)The overall composition diagram of a standard borehole strain observation; (B) Schematic diagram of a standard borehole strainmeter, S1, S2, S3, S4 sensors in 4 directions,ε1 and ε2 represent the maximum and minimum principal strains, respectively.
[image: Figure 3]FIGURE 3 | Map of the observation sites and the two local events.
TABLE 1 | Measurement information of 5 sites.
[image: Table 1]TABLE 2 | Parameters of the two local events provided by the China Seismic Network.
[image: Table 2]YRY-4-type FGBS has good observation performance and has achieved great success in the study of geodynamic problems (Chi et al., 2009; Qiu et al., 2013; Liu et al., 2014). Some scholars have also studied the theoretical issues and feasibility of using the observed seismic strain waves (Zhang et al., 2019; Zhang et al., 2020; Zhang et al., 2021), but there has been no actual observation to verify the results. For the two earthquakes, the P and S waves of seismic strain waves recorded by the YRY-4-type FGBS at all the sites are apparent in Figure 4.
[image: Figure 4]FIGURE 4 | (A) Observation curves recorded by 5 sites in 2018-2019; (B) P and S waves of YP M2.8 event observed at 5 sites; (C) P and S waves of DX M3.0 event observed at 5 sites.
Based on NW in Figure 4, Figure 5 shows the more apparent seismic wave curve of YP M2.8 earthquake recorded at the NW site. For such local earthquakes, the first pulse (direct wave Pg and Sg) reaching the observation site is the most direct reflection of the earthquake hypocenter, which is extremely valuable for examining the focal mechanism. In this article, the extreme value (wave peak or trough) of this pulse is called the initial motion. The arrow in Figure 5 indicates the selection time of direct strain wave observation data.
[image: Figure 5]FIGURE 5 | P (A) and S (B) waves of the M2.8 event were observed at the NW site.
It should be noted that the observation curve in Figure 5 does not show the real strain variation. The borehole strainmeter directly measures the relative diameter change of the probe sleeve, which requires calibration and conversion to obtain the strain variation in the rock layer (Qiu et al., 2013). The long-period signals, such as hydrological and tidal effects have no effect on high-frequency seismic wave signals, so it is reasonable to remove the linear trend of the observed record only by fitting. Table 3 and Table 4 show the observed strains of the initial motions of P and S waves of the two earthquakes in Table 2. [image: image], [image: image], and [image: image] are three strain components in the horizontal plane of the geographic coordinate system obtained by calibration and conversion.
TABLE 3 | Observed strains of the initial motions of P and S waves for the M2.8 event.
[image: Table 3]TABLE 4 | Observed strains of the initial motions of P and S waves for the M3.0 event.
[image: Table 4]3 METHODS AND MODELS
3.1 Strain conversion of emergent wave
3.1.1 Hypothesis
To discuss the evaluation of actual seismic wave strain using the observed horizontal strain, there are some hypotheses: Firstly, it is assumed that the epicenter location is known. Since Shanxi Province has a relatively dense pendulum seismograph observation network, it can be considered that this epicenter location is reliable. Secondly, the seismic wave near the earthquake hypocenter must not be an ideal plane wave, but the seismic wave reaching the observation site can be treated as a plane wave. Finally, the local earthquake events are discussed here, so it can be assumed that the path deviations of the P wave and S wave from the source to the observation site are small, which can be regarded as approximate values (Qiu et al., 2020). Practical calculations also confirm these hypotheses.
3.1.2 Fundamental formula
In the geographic coordinate system shown in Figure 6, the strain tensor of the seismic waves arriving at the observation site is denoted as
[image: image]
[image: Figure 6]FIGURE 6 | Geographical coordinates (x1, x2, x3) and ray coordinates (x’1, x’2, x’3). “O” represents the seismic focus; “S” represents the seismographic site.
However, the current borehole strainmeter can only observe symmetrical horizontal strain variation, i.e., only the three independent strain components (ε11, ε12, and ε22) shown in the dashed frame of Eq. 1, the vertical strain components (ε13, ε23, and ε33) are not considered.
According to the above assumptions, the seismic waves reaching the observation site can be regarded as plane waves. In the seismic ray coordinate system shown in Figure 6, where the seismic waves propagate along the x’1 axis, the strain tensor should be written as (Qiu, 2017)
[image: image]
where [image: image] is the P wave strain, [image: image] is the SH wave strain, and [image: image] is the SV wave strain. It should be noted that [image: image] is parallel to the ground, while [image: image] is perpendicular to the ground. It is also noteworthy that [image: image] is asymmetric.
The relationship between the horizontal strain detected at the observation site and the actual plane seismic wave strain should conform to the following coordinate transformation equation:
[image: image]
where the direction chord matrix is defined as follows:
[image: image]
The column vectors of [image: image] are the direction vectors of the axes of the seismic wave ray coordinate system (x’1, x’2, x’3) in the geographic coordinate system (x1, x2, x3).
In fact, P and S waves propagate separately, while SH and SV waves propagate together. For P waves, for the strain component that can be observed by the borehole strainmeter, Eq. 3 can be written as follows:
[image: image]
The [image: image] of the observation site can be calculated by Eq. 5. For S wave, Eq. 3 can be written as
[image: image]
[image: image] and [image: image] of the observation site can be calculated from Eq. 6.
As shown in Figure 6, the emergence angle is expressed as [image: image]. The components of [image: image] can be expressed by azimuth angle [image: image] and emergence angle i:
[image: image]
3.1.3 Practical algorithm
In addition to the known observations, the azimuth [image: image] can be calculated from the epicenter position for an observation site. In other words, we are facing with an overdetermined problem; four unknowns need to be solved by Eqs 5, 6: [image: image] , [image: image] , [image: image] , and the emergence angle i.
In a homogeneous medium, if the epicentral distance d and focal depth h are known, the emergence angle i can be easily calculated. However, on the one hand, although the epicentral distance d is generally reliable, the focal depth h given by the existing methods is not reliable; on the other hand, the crustal strata are not a homogeneous medium. Therefore, the emergence angle i cannot be given in advance.
Here, the apparent focal depth at each observation site is defined as
[image: image]
We first calculate the apparent focal depth hi rather than the emergence angle i. Because the focal depth is not a high-precision quantity, it is generally accurate to the km level. Therefore, we use the enumeration method, where all the values from 1 km to 300 km are tried, and the optimal value is selected as the apparent focal depth; the error does not exceed 1 km.
For an observation site, we proposed a specific algorithm to determine the focal depth as follows. Firstly, for the attempted hi, three [image: image] are obtained by using Eq. 5, and the standard deviation [image: image] is calculated. Secondly, for the attempted hi, three [image: image] and three [image: image] are obtained by using Eq. 6, and the corresponding standard deviations [image: image] and [image: image] are calculated. Thirdly, the objective function is established as follows:
[image: image]
Finally, all hi are tested, and the minimum target function hi is selected as the apparent focal depth of the observation point. Further, the corresponding [image: image], [image: image], and [image: image] are selected as the strain component value of the plane seismic wave reaching the observation site.
For the two earthquakes, Figure 7 shows the calculated apparent focal depth of the five observation sites. There are two notable points. First, the objective function can reach the obvious minimum extreme point; second, as shown in the sub-graphs at the lower right corner of Figures 7A, B, compared with Figure 3 and Table 3, and Table 4, the apparent focal depth of each observation site shows linear behavior: when the epicentral distance is larger, the apparent focal depth is also larger. These two points prove the reliability of the observation data as well as the accuracy of the calculation results. Further, the calculation results validate the feasibility of the above-mentioned assumptions.
[image: Figure 7]FIGURE 7 | Optimal estimations of the apparent focal depths (indicated by the dash-dotted lines) for the two events: (A) YP M2.8, (B) DX M3.0.
3.2 Constant velocity gradient model
The two earthquakes recorded by our experimental network occurred in the crust. In a homogeneous medium, seismic waves should propagate linearly. If the crust is a homogeneous medium, the apparent focal depth calculated at all the observation sites should be equal to the actual focal depth when the seismic wave emitted by the hypocenter reaches different observation sites. However, actually, the apparent focal depths of each observation site are different, indicating that the crust may not be homogeneous medium.
The variation in the wave velocity of crustal rocks with depth is very complex, but the primary feature of the crustal structure is that the wave velocity increases with depth. As a first-order approximation, we can consider that the wave velocity steadily increases with depth, which is called the constant velocity gradient model (Stein and Wysession, 2003; Wan, 2016). When the epicentral distance is larger, the observed phenomenon that the focal depth is larger can be explained by this model.
The constant wave velocity gradient model is usually established on the premise that the hypocenter is located on the surface. To examine the seismic wave rays of local earthquakes, the constant velocity gradient model with a certain depth is considered, as shown in Figure 1. Assuming that the wave velocity gradient is k, the variation in the wave velocity with depth can be expressed as follows:
[image: image]
where [image: image] is the wave velocity at the focal depth, and [image: image] is the wave velocity near the surface. In a homogeneous medium, the rays emitted from the take-off angle [image: image] propagate in a straight line, and the emergence angle [image: image] reaches the surface. In the medium, where the wave velocity steadily increases with depth, the emergence angle [image: image] reaches the surface.
The characteristic of the rays emitted from the emergence angle [image: image] is that the radius of curvature [image: image] remains constant (Wan, 2016), which can be written as
[image: image]
where p is the ray parameter, which conforms to Snell’s law as follows:
[image: image]
According to the previous assumptions, the path of P and S waves is the same, i.e., p is the same. Substituting Eq. 12 into Eq. 11, we get
[image: image]
where [image: image], H reflects the relationship between wave velocity gradient and wave velocity at the focal depth.
3.3 Formula of take-off angle
As mentioned above, in a constant velocity gradient medium, the equation of the circle (Figure 1) of the seismic wave rays emitted from the source is as follows:
[image: image]
where
[image: image]
On the ground, y = 0. Substituting Eq. 15 into Eq. 14 and simplifying it, we get
[image: image]
Then, inserting Eq. 13 with Eq. 16, we obtain
[image: image]
Thus, the take-off angle can be expressed as
[image: image]
where x is the epicentral distance, which can also be denoted by d.
Using Eqs 14, 15 we get
[image: image]
Then, the actual seismic wave ray equation can be written as
[image: image]
Using Eq. 20, seismic wave rays with different departure angles can be obtained. Differentiating the above equation to x and substituting Eq. 13 into it, we get
[image: image]
Finally, using Eqs 13, 18, we get
[image: image]
The emergence angle of seismic waves reaching the observation site is expressed as
[image: image]
4 RESULTS AND DISCUSSION
4.1 Fitting results
The feasibility of using the constant velocity gradient model to explain the actual observation results depends on whether the emergence angle of each observation site can be approximately fitted with Eq. 22. The observation Eq. 22 and related Eqs 21, 18 involve two quantities with clear physical significance: focal depth h and take-off angle, ie, which are the quantities to be determined through the fitting.
Equation 22 gives the emergence angle i corresponding to different epicentral distances x. To explain our experimental results, we must determine two parameters in Eq. 22: h and H, where the focal depth h has a more significant application value.
This problem is non-linear, and the enumeration method is still used for inversion. For the focal depth h, all the integer values from 1 km to 100 km are traversed, and the error does not exceed 1 km. Since ve generally does not exceed 8 km/s in the crust, assuming that the wave velocity near the surface is 5 km/s and the crustal thickness is 30 km, then k is approximately 0.1/s, and the corresponding H is equal to 80 km. Based on this analysis, the variation range of H is selected as 1-200 km, and all the integer values are traversed with an error of less than 1 km. The specific algorithm is as follows. Firstly, the given h and H values are substituted into Eq. 22 to establish the x-i relation. Secondly, the epicentral distance of each observation site of j is replaced into the established x-i relationship; the emergence angle [image: image] is calculated and compared with the actual observed emergence angle [image: image]. Thirdly, the objective function: [image: image], is established. Finally, all the h and H values are traversed, and the h and H values that minimize the objective function F are selected as the solution. The corresponding x-i relationship is considered as the criterion.
Figure 8 shows the fitting results of two earthquakes. Here, the dash-dotted curve shows the variation in the emergence angle with the epicentral distance in the homogeneous medium under the same focal depth. The solid curve is the x-i relationship obtained by the constant velocity gradient model. Obviously, the observed x-i relationship does not conform to the homogeneous medium model, but it is in good agreement with the constant velocity gradient model. The inversion results of h and H are also shown in Figure 8, which shows that the focal depths h of the two earthquakes is 11km and 7 km respectively, which are consistent with the results of 8km and 5 km given by the pendulum seismograph (Table 2). It is noteworthy that the H of the two local events is 48 km and 49 km, respectively, and the results are largely consistent; this also explains that the medium structure should also be consistent results for two earthquakes in the same area.
[image: Figure 8]FIGURE 8 | Calculated emergence angle (i) vs. epicentral distance (d) of the two events: (A) YP M2.8, (B) DX M3.0.
Red dash-dotted line: homogeneous medium; solid line: constant velocity gradient medium.
Once h and H are determined, seismic wave rays can be plotted for different take-off angles, as shown in Figure 9 (solid lines). It is also necessary to give the take-off angle corresponding to each observation site to plot the seismic wave rays at each observation site, which are shown by red dash-dotted lines in Figure 9.
[image: Figure 9]FIGURE 9 | Ray paths of the two events according to constant velocity gradient model: (A) YP M2.8, (A) DX M3.0.
Eq. 21 can be rewritten as
[image: image]
Squaring and expanding both sides of Eq. 24, we obtain
[image: image]
Using trigonometric function relation, we get
[image: image]
Substituting Eq. 14 into Eq. 25 (y = 0 on the ground), we have
[image: image]
Then,
[image: image]
Squaring both sides of Eq. 28 and substituting in Eq. 13, we get
[image: image]
Using Eq. 29, the following expression of Snell’s law can be obtained:
[image: image]
When h and H are known, [image: image] can be calculated, and then the take-off angle, ie is calculated from the emergence angle i according to Eq. 29. According to Figure 6, [image: image] corresponds to the usual Snell’s law, where Eq. 30 takes a positive sign on the right. When [image: image], the seismic waves emitted from the source are downward, and the negative sign should be taken. At the same time, the obtained negative take-off angle should be added to 180°. Eq. 18 shows that when [image: image], the epicentral distance is expressed as follows:
[image: image]
Therefore, the epicentral distance is positive when [image: image], and it is negative when [image: image]. In fact, the take-off angle can be directly calculated using Eq. 18. The two methods give the same results and substantiate each other. Table 5 shows the calculation results.
TABLE 5 | Calculated emergence angles and take-off angles for the two local events.
[image: Table 5]It can be seen from Figure 9 that all the seismic wave rays represented by the dash-dotted lines do not exceed the depth of 30 km, and they should not exceed the crust range and are propagated in the crust.
4.2 Discussion
Most of the seismic sites and borehole strainmeter sites in mainland China are planned and constructed separately, so there are few sites where the two observations are co-located. Although Shanxi Province has a relatively dense pendulum seismograph observation network, there are only three seismic stations in the study area of this paper, and only the NW site is co-located. Seismic observation is a velocity observation optimized by frequency band; the strain observed by the four-component borehole strainmeter is a vector. The results of the two observations may be different. Therefore, the research in this paper did not carry out a detailed comparative analysis with seismic observations; only the hypocenter parameters given by the seismic network were compared. With continuous observation, the number of local earthquakes recorded has increased. In the future, we will use the sites where seismic and borehole strainmeters are co-located to carry out a comparative analysis of the two observations through a large number of earthquakes.
This study is part of our research on solving the focal mechanism solution with strain seismic observation, which broadens the application field of four-component borehole strain observation. The results can provide a practical basis for further development of the four-component borehole strainmeter in mainland China in the future. Other than that, some recent studies show that strain seismographs could help provide unique constraints for local earthquakes, which then further strengthening the efficiency of the local earthquake warning system (Juhel et al., 2018; Canitano et al., 2021). Based on the research in this paper, how to apply these high sampling sites to the earthquake early warning system in mainland China will be a meaningful study.
5 CONCLUSION
The apparent focal depth, the emergence angle, and the take-off angles of seismic waves given in this study for five sites of two local events have stable uniqueness and apparent regularity. In particular, the inverted focal depths are basically consistent with the interpretation results of the traditional pendulum seismograph, which shows the reliability of the research results. This provides another important application direction of the YRY-4 type four-gauge borehole strainmeter. The accuracy of the YRY-4 type four-gauge borehole strainmeter was the prerequisite for this study. The H values of the two earthquakes (H is the reflection of the relationship between wave velocity gradient and wave velocity at focal depth) are consistent, which also verifies the applicability of the crustal model with constant gradient wave velocity. The observation results suggest that the constant velocity gradient model is more realistic than the homogeneous medium crust model.
Currently, the research on solving focal mechanisms by seismic strain observation is limited to local earthquakes. Especially, in the range of direct wave with initial motion, the seismic moment is generally less than 100 km. At present, there is no good way to solve the problem that the emergence of the first wave and mantle reflection wave in a larger range can cause greater errors in the inversion. However, the research in this paper gives a method to determine the emergence angle, which clears a major obstacle for further solving the focal mechanism of local earthquakes by strain seismographs. It should be noted that this method of determining the emergence angle requires more observation sites. We will continue to study the rupture process and focal mechanism of moderate-strong earthquakes and teleseismic earthquakes by combining two kinds of observations.
Strain seismographs and pendulum seismographs are different with distinct advantages and disadvantages. The research in this paper shows that the strain seismograph can be used as an effective supplement to the pendulum seismograph, especially in areas with fewer measuring sites of pendulum seismographs. Using strain seismographs and seismographs for co-site or co-hole observation will be one of the development directions of seismic observation in China.
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The probabilistic seismic hazard function (PSHF) before large earthquake events based on the hypothesis earthquake forecast algorithm using the Akaike information criterion (AIC) is performed in this study. The motivation for using the AIC is to better understand the reliability model used to construct the PSHF. The PSHF as the function of the b-value is calculated based on a 5-year window length with a 1-year moving window (instantaneous PSHF) before a large earthquake event. The AIC is calculated based on the likelihood of success and failure using shallow earthquake catalog data around the west coast of Sumatra Island. The probability of occurrence defines the success criteria as more significant than the average probability of greater than or equal to the given magnitude; otherwise, it is defined as failure. Seismic potency has been determined based on the likelihood of an earthquake occurring in several decades or a hundred years. The seismicity rate model is developed based on the integrated data of pre-seismic shallow crustal movement data and the shallow crustal earthquake catalog data. Furthermore, the AIC is calculated based on the likelihood of success and failure as a function of b(t). The b(t) is the change in the b-value as a time function estimated based on shallow earthquake data from 1963 to 2016. In addition, the AIC before M7.9 of 2000, M8.5 of 2007, and M7.8 of 2010 is assessed. The δAIC is then introduced as a function of (AICmodel–AICreference) during the observation time. The positive δAIC implies that the likelihood of having a large earthquake is more significant; otherwise, it is smaller. By plotting the time of observation versus δAIC and the PSHF estimated as the function of b(t), we could identify a large positive gradient and increase the PSHF at each certain probability exceedance (PE) level before the great earthquake event. It consistently happened for the three events that were evaluated. It suggested that the results of this study might be very beneficial for probabilistic seismic hazard analysis (PSHA) and seismic mitigation realization.
Keywords: AIC, likelihood of success and failure, seismic potency, b-value, PSHF
1 INTRODUCTION
The island of Sumatra moved separately between segments, which was caused by the convergence of the Indo-Australian Plate, which was subducting toward the Eurasian plate (Fitch, 1972; Jarrard, 1986). Sieh and Natawidjaja (2000) and Bradley et al. (2017) clarified that the subduction plate movement is along the Sunda Trench in the southwest part of Sumatra Island with low-obliquity subduction and right-lateral shear fault, near the southwest coast of Sumatra Island, parallel to the trough. It is called the Sumatran fault zone (SFZ) (Sieh and Natawidjaja, 2000). The orientation and magnitude of the relative plate movement velocity vectors vary along plate boundaries (Sieh and Natawidjaja, 2000). They are 52 mm/yr in the northern, 57 mm/yr in the middle, and 60 mm/yr in the southern part, and they are caused by the curved shape of the plate boundary (Sieh and Natawidjaja, 2000). The oblique subduction and Sumatran shear faults produced the complexity of Sumatra’s stress, strain, and deformation patterns. According to Zachariasen et al. (2000), relatively high convergent plate movement of about 49 mm/year causes a relatively very high annual rate of earthquakes. For the last 250 years, Megawati and Pan (2009) clarified that five major earthquakes (Mw ≥ 8.0) have occurred along the Sumatran megathrust. McClosky et al. (2005) noted that subsequent earthquakes often follow earthquakes that occur in subduction zones. It implies that the stress interaction can affect the forearc area’s seismicity, as Pollitz et al. (2006) and Triyoso and Sahara (2021) suggested. An obvious example is that the 2004 Sumatra–Andaman earthquake caused changes in seismic activity in the Andaman Sea (Sevilgen et al., 2012) and produced earthquakes in 2005 in Nias and the northern part of the Sumatra fault zone (McClosky et al., 2005; Pollitz et al., 2006; Rafie et al., 2021; Triyoso and Sahara, 2021).
The change in the b-value in time and space can be related to stress levels before a large earthquake in a seismotectonic area (Hirata, 1989; Öncel et al., 1995; Caneva and Smirnov, 2004; Roy et al., 2011). Thus, the b-value as the function of space and time could be used to better understand the possible existence of the stress interaction that can affect the potential future seismicity. Other workers have proposed some suggestions. For example, a decrease in the b-value is interpreted as an increase in stress before a seismic event (Scholz, 1968; Wyss et al., 2004). Therefore, lower b-values can be expected near the area of possible future earthquakes.
The correspondence between low b-values and the evidence of large earthquakes around the Sumatra subduction zone has been noted by Nuannin and Kulhánek (2012) and Nuannin et al. (2012). Their study focuses on determining the b-value as a function of time and space for events in the Andaman–Sumatra region and assessing its potential as a seismic precursor. The results showed that large earthquakes occur when b-values decrease before a large earthquake. The phenomenon is clear enough, as they showed in the diagrams for each catalog data they used. The most critical of their finding (Nuannin et al., 2012) shows that about fifteen largest earthquakes, Mw ≥ 7, occurred between 2000 and 2010 in the Andaman–Sumatra region; all events occurred within areas of low b and were preceded by significant decrease in b-values—about 15 most considerable observed correspondence between low b before the occurrence of large earthquakes. The temporal variations revealed significant decreases in the b-value, which happened before the time of occurrence of the two large earthquakes (Ms ≥ 7) in 2002 and the Mw = 9.2 event in 2004 (Nuannin et al., 2012). The spatial distribution exhibits low b around the epicenters of the 2002 and 2004 events. This finding implies that the b-value as a function of time could be employed for the PSHA study and seismic mitigation of future earthquake potency (Triyoso et al., 2021; 2022).
Pailoplee and Choowong (2014) evaluated the a and b values of the magnitude–frequency distribution and fractal dimension (DC) simultaneously for the 13 recognized seismic source zones in mainland Southeast Asia, including northern Sumatra, using a complete earthquake dataset. They found a relationship between DC-b and DC-(a/b) and suggested that the Sumatra–Andaman interplate and intraslab, Andaman Basin, and Sumatra fault zones are areas of high tectonic stress that may risk producing major future earthquakes. Triyoso et al. (2022) evaluated the possible correlation between DC and seismic moment rate based on GPS and late-quarter active fault and shallow earthquake data on the island of Sumatra. The result can characterize a reasonable correlation between two seismotectonic parameters: DC—b. The most important finding is that relatively high DC coincides with high seismic hazard function (SHF) curves and high seismic moment rates derived from pre-seismic GPS data (Triyoso et al., 2022). Their findings align with Pailoplee and Choowong (2014) results. Therefore, it is reasonable to conclude that regions with relatively high DC or low b-values overlap with high seismic moment loading rates, implying high tectonic stress loading, which could risk generating significant future earthquake hazards.
Two earthquakes happened on 12 September 2007 around the Mentawai region, where large earthquakes of Mw 8.8 occurred in 1797 and Mw 9.0 in 1833. Konca et al. (2008) studied them and concluded that earthquakes with Mw 8.4 and Mw 7.9 were only a small part of the fracture area in 1833 and other patches of megathrust that remained locked in the interseismic period. According to Konca et al. (2008), the same section of a megathrust may rupture in different patterns depending on whether the asperities rupture as isolated seismic events or work together to produce a more significant collapse.
Triyoso and Shimazaki (2012) noted that an earthquake potential model plays a crucial role in seismic hazard analysis. Moreover, it has long been realized that evaluating a potential source model is essential to accurate earthquake forecasting. Still, learning this technique has required many decades—until data on an adequate number of large earthquakes were available for evaluation.
Vere-Jones (1995) clarified that very small volumes of earthquakes in space could be considered completely random. As a result, earthquake events can be considered a point process and can be regarded as a realization of a point process by applying the Poisson distribution. Console (1998) introduced an algorithm to test the earthquake forecasting hypothesis by formulating the probability of realization of success and failure. Finally, Triyoso and Shimazaki (2012) noted that when the study area is gridded into cells. In each cell, the expected number of events is known, and we know that at least one event (event) or no event (no event) occurred based on the historical earthquake catalog. Thus, using historical catalog data as a reference, Triyoso and Shimazaki (2012) adopted the formulation of the probability of the realization of success and failure and gridded the study area. Since the number of expected events is known in each cell or grid, at least one event (event) or no event (no event) occurs in every cell. Then, considering the seismicity level, Triyoso and Shimazaki (2012) introduced an adjustment factor of k. The factor k is constant, and the expected rate of occurrence can be multiplied by k to maximize the logarithm of the probability function. Maximizing the logarithm likelihood function with respect to k, we can adjust the level of seismic activity. Thus, the factor k in this study is the variable used to maximize the likelihood function. With this optimizing factor k, we need to use the AIC (Akaike, 1974). We select the most reliable seismicity rate and pattern based on the comparison of the AIC values of each of them. The model that gives the minimum AIC is chosen as the most reliable. Usually, a difference more prominent than 2 in the AIC is considered statistically very significant. By replacing the historical earthquake catalog of Triyoso and Shimazaki (2012) as a reference with the probability of occurrence above the mean value, we then adopt the algorithm to evaluate the AIC versus the time before a significant earthquake event addressed for probabilistic seismic hazard and mitigation.
The aim of this study is to evaluate the PSHF before large earthquake events based on the hypothesis earthquake forecast algorithm using the AIC. The AIC is used to better understand the reliability model used to realize the seismic hazard analysis from the viewpoint of probability. In addition, the purpose is to better understand the reliability of the 5-year window of the PSHF as a function of the b-value calculated based on a 5-year window length with a 1-year moving window (instantaneous PSHF) before a large earthquake event. The area of the study is chosen by following the suggestion of Natawidjaja et al. (2006), Konca et al. (2008), Shamim et al. (2019), and Álvarez et al. (2021). It is around the west coast of Sumatra Island.
2 DATA AND METHOD
2.1 Data
This study’s shallow crustal earthquake data are based on PuSGeN 2017 (The 2017 PuSGen, 2017). The selected area is around the west coast of Sumatra Island, with the selected data of Mw ≥ 4.7 with a maximum depth of 50 km from 1963 to 2016. The pre-seismic surface displacement data are based on Triyoso et al. (2022). Figure 1A shows the distribution of shallow earthquakes with depths less than 50 km from 1963 to 2016 (The PuSGen, 2017) and the cross-sections using a width of 10 km (B). They are cross-sections P1–P2, P3–P4, and P5–P6. Figure 2 shows that the pre-seismic GPS model was derived based on Triyoso et al. (2020) and Triyoso et al. (2022).
[image: Figure 1]FIGURE 1 | Distribution of shallow earthquakes with depths less than 50 km from 1963 to 2016 (The 2017 PuSGen, 2017) and the cross-sections using a width of 10 km (B). They are cross-sections P1–P2, P3–P4, and P5–P6.
[image: Figure 2]FIGURE 2 | The pre-seismic GPS data model was derived based on Triyoso et al. (2020) and Triyoso et al. (2022).
2.2 The b-value
The b-value of the Gutenberg–Richter equation (Gutenberg and Richter, 1944) is an important parameter, and it correlates with the possible size of the scaling properties of earthquake seismicity. According to Frohlich and Davis (1993), the average b-value on a regional scale is usually ∼ 1. In estimating the b-value, the maximum likelihood is the most robust method for calculating the b-value (Aki, 1965). Following Utsu (1978), the formula for the b-value could be written as follows:
[image: image]
where [image: image] is the average magnitude value greater than or equal to Mc and Mc is the magnitude completeness. Mc is determined based on the maximum curvature method of the Gutenberg–Richter law of earthquake magnitude distribution (Wiemer, 2001). The 0.05 in Eq. 1 is a correction constant. In this study, the b-value is calculated as a function of time in which the time window is 5 years, with a 1-year moving window. In this study, it is denoted by b5(t). Furthermore, the b5 is estimated using a constant number with a radius of 150 km, referring to the observation point. The number of events calculating b5 refers to Triyoso and Yuninda (2022).
2.3 Geodetic modeling: SHmax rate estimation
In this study, to obtain the geodetic modeling data, the horizontal displacement field of each observation point over the entire seismogenic depth is assumed to be homogeneous and isotropic. Furthermore, the horizontal displacement in E–W and N–S direction components is denoted by u and v, respectively. Referring to El-fiky et al. (1999), an assumption is needed to determine which signals u and v are not correlated. The study area was gridded into 10 × 10 km cell sizes, and the surface strain rate was estimated. First, we calculated each cell’s horizontal crustal strain rate using previous studies’ procedures (Triyoso et al., 2020; Triyoso et al., 2021; 2022; Triyoso and Sahara, 2021; Triyoso and Suwondo, 2022) and the least square collocation (LSC) method. Then, the local covariance functions based on the horizontal surface displacement data are used to estimate the horizontal surface displacement of each grid or cell in the study area. Finally, the horizontal crustal strain was used as the input to estimate the maximum shear strain over the entire study area. Following El-fiky et al. (1999), the formula used in this study to calculate the maximum shear strain (SHmax) is as follows:
[image: image]
where SHmax is the maximum shear strain and ɛij is the strain component.
Based on the corrected displacement data, this study’s pre-seismic GPS data were used after large earthquakes. It means that the post-seismic effect of the previous large earthquake events is removed. Therefore, the GPS data before the large earthquakes are based on Triyoso et al. (2020), and after the large earthquakes, they are based on Yusfania et al. (2014), Khaerani et al. (2018), and Triyoso et al. (2022). They are addressed to estimate the strain rate over a more extended period.
2.4 Statistical background
2.4.1 Likelihood function
If the occurrence of an event is described as a uniform random process and λ is the expected number of events in the realization of a test that could be conducted as many times as we could imagine, the probability that in a single realization, the number of events is n is given by the Poisson distribution is as follows:
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From Eq. 3, the probability of no event is
[image: image]
The probability of at least one event is
[image: image]
For the combination of events, there are the rules of the probability theory. Thus, the probability that a series of n tests come out with a pre-determined realization of at least one event (n′ times) and no event (n" times) is given by the following product, with n = n′ + n":
[image: image]
Eq. 6 is the likelihood of the realization of the tests. The values for Eq. 6 depend on the test results and are a function of the parameters used to determine probabilities. Accordingly, the term likelihood function emerges. The likelihood functions may assume very small values, especially when the number of single tests is large and the probabilities connected with them are small. For this reason, it is practical to use the logarithm of this function (log-likelihood); thus, by referring to Triyoso and Shimazaki (2012), we may write the equation as follows (Kagan and Jackson, 1995; Jackson and Kagan, 1999):
[image: image]
where n is the total number of cells, pi is the occurrence rate at cell i, and ci is equal to 1 when a historically large earthquake used as a reference occurred in cell i and 0 when not (Kagan and Jackson, 1995; Jackson, 1996).
2.4.2 Akaike information criterion
Referring to Triyoso and Shimazaki (2012), in which the historical catalog is used to evaluate the reliability of the earthquake potential model, the adjustment factor k is introduced. The purpose is to consider the possibility that the historical data are incomplete. However, Triyoso and Shimazaki (2012) focused on the spatial distribution of the occurrence rate, not the absolute value of the rate. In other words, we cannot perform an “N-test” (the number test) (Kagan and Jackson, 1995) because the observed earthquake frequency may be underestimated due to historically missing events. Thus, the probability pi is not used directly, but its relative magnitude kpi is used by introducing a scaling factor k. Therefore, Eq. 7 could be written as follows:
[image: image]
Maximizing the log-likelihood function with respect to k, we may write the AIC (Akaike, 1974) as follows:
[image: image]
where p is the number of parameters used to maximize the log-likelihood function. p equals 1 as the factor k is the only parameter, and Lmax is the maximized log-likelihood. It should be noted that the minus sign in the aforementioned equation means that the better model has a smaller AIC value. For the purpose of model comparison, Triyoso and Shimazaki (2012) introduced δAIC as
[image: image]
AICmodel is the AIC of the specific model, and AICreference is calculated based on the uniform background seismicity model. In this study, the success cell based on the historical earthquake catalog of Triyoso and Shimazaki (2012) as a reference is replaced by cells with the probability of occurrence above the mean value over the entire 150 km radius of the large earthquake event that is evaluated. Because the place of the success cell is treated as at least one earthquake is expected, adjustment factor k and maximizing Lmax with respect to k is then applied. The 150 km radius refers to the radius of the b-value calculation. Thus, the AICmodel is calculated based on the cell with the probability of occurrence above the mean value. The positive δAIC implies that the likelihood of having a large earthquake is more significant, and otherwise, it is smaller.
3 PROBABILISTIC SEISMIC HAZARD FUNCTION ESTIMATION
3.1 Seismicity rate modeling: Potential source area and rate formulation
As this study is intended to evaluate the PSHF before large earthquake events based on the hypothesis earthquake forecast algorithm using the AIC, the primary purpose is to better understand the reliability of the instantaneous PSHF as the function of the b-value with time before a large earthquake event. Then, the modified seismicity rate model of Triyoso et al. (2020) by the following formulation is proposed. The potential earthquake occurrence rate above or equal to magnitude completeness as a reference (Mref) in the particular grid i is modeled by using the uniform background seismicity rate (Abackground) weighted by the normalized maximum shear strain rate (SHmax-rate). The formulation could be written as follows:
[image: image]
where Abackground is uniform background seismicity with magnitude ≥ Mref in grid i, the SHmax-rate is the maximum shear strain rate estimated at the grid of i, and the maximum (SHmax-rate) is the maximum value of the SHmax-rate over the entire study area. vi represents the likelihood estimation seismicity rate (annual of the 10a) with a magnitude greater than or equal to a given earthquake magnitude reference (Mref).
Furthermore, by substituting 10a of Eq. 11 in the frequency–magnitude of the Guttenberg–Richter equation (Guttenberg and Richter, 1944), we may write the following equation:
[image: image]
ASHmax-rate is the estimated seismicity rate above or equal to Mref, a magnitude greater than or equal to magnitude completeness (Mc). The b is the b-value.
3.2 Probabilistic seismic hazard function estimation: Ground motion prediction equation (GMPE) and probability exceedance (PE)
The SHF is constructed by cross-plotting between the probability of exceedance (PE) and peak ground acceleration (PGA) of a given magnitude reference (Mref) and a distance between the source and a site of observation. The PE formulation of the annual earthquake rate with a magnitude greater than or equal to Mref, which is the estimated maximum ground acceleration denoted by a, is calculated using GMPE at an observation point because the earthquake source on the grid k can be written as
[image: image]
where Pk (m ≥ m (ao, Rk)) is the annual PE of earthquakes in the kth grid or cell, m(ao, Rk) is the magnitude in the ith source grid that would produce a PGA estimated of ao or larger at the site, and Rk is the distance between the site and the source grid. The PSHF parameter calculation is based on Triyoso and Suwondo (2022), where the starting locking depth at the top is 5 km (The 2017 PuSGen, 2017). Following Triyoso and Suwondo (2022), the focal depth value is estimated from half the seismogenic thickness of about 10 km; thus, the focal depth used is 15 km. The function m(ao, Rk) is the GMPE relation. The following equation determined the total PE distribution of PGA at the site:
[image: image]
Thus, by substituting the GMPE in Eq. 16, we could calculate the annual PE of the particular PGA as follows:
[image: image]
For a given specified time of observation of T, the PE could be calculated as follows:
[image: image]
The annual PE of each grid or cell of specified ground motion is calculated using Eq. 15. For a time duration of T, the PE of specified ground motions is computed using Eq. 16.
4 RESULTS AND DISCUSSION
This study is motivated to evaluate the PSHF before large earthquake events based on the hypothesis earthquake forecast algorithm using the AIC. The primary purpose is to better understand the 5-year window length’s reliability to estimate PE of the SHF with a 1-year moving window (instantaneous PSHF) as the function of the b-value with time before a large earthquake. The shallow earthquake catalog data are based on PusGen 2017 (The 2017 PuSGen, 2017) around the west coast of Sumatra Island. The area has become the main area of interest as Konca et al. (2008) clarified that the potential megathrust events in the Mentawai area, as suggested by Natawidjaja et al. (2006), remain significant. Thus, the likelihood of the remaining earthquake potency around the Mentawai area needs to be understood more deeply. For earthquake mitigation purposes, the reliability of the spatiotemporal of the b-value and correlation dimension (DC) as the precursor to forecast the possible future large earthquake needs to be evaluated.
The declustering process is used to apply the earthquake catalog to develop the model. First, the seismicity rate model is constructed based on the uniform background of the declustered shallow earthquake data from 1963 to 2016 and then weighted by the normalized maximum shear strain rate deduced by the pre-seismic GPS data model (Triyoso et al., 2020; 2022). The purpose of declustering is to get the independent earthquake events with approximate to constant rates using ZMAP software (Wiemer, 2001). Figure 3 shows the proposed workflow used in this study.
[image: Figure 3]FIGURE 3 | The proposed workflow is used in this study.
Triyoso and Shimazaki (2012) proposed using the historical catalog as the reference used to define the success cell to select the most reliable model based on the AIC that will be used to estimate hazards. In this study, the probability of occurrence defines the success criteria if the probability occurrence of the earthquake with a magnitude larger than or equal to a given magnitude reference (Mref) is larger than the average probability; otherwise, it is defined as failure. In addition, the seismic potency has been determined based on the likelihood of an earthquake occurring in several decades or a hundred years.
As clarified by the previous study, the correspondence between low b before the evidence of large earthquakes has been noted (Nuannin et al., 2012; Nuannin and Kulhánek, 2012; Triyoso and Yuninda, 2022). Moreover, the b-value as a function of time and space before large earthquake events has been used as a seismic precursor. Since the earthquake potency and the PSHF are functions of the b-values, applying the proposed method, we could measure how reliable the b-value is as the precursor before a large earthquake from the viewpoint of PSHA.
The previous studies have suggested that we can characterize a reasonable correlation between two seismotectonic parameters, DC–b (Pailoplee and Choowong, 2014; Triyoso et al., 2022). The critical finding is that relatively high DC coincides with high SHF curves (Triyoso et al., 2022). The finding aligns with Pailoplee and Choowong (2014) results. As we may find the relationship of the Dc with the b-value and it can be used to estimate the possible future earthquake hazards, thus applying the proposed method, we could measure the reliability of DC and the b-value before a large earthquake for the PSHA.
Figure 4 shows this study’s seismicity rate model and the three-point observation. The seismic potency has been determined based on the likelihood of an earthquake occurring in over two hundred years. The probability of occurrence of the cells defines the success criteria as larger than the average probability of greater than or equal to the given magnitude; otherwise, it is defined as failure cells.
[image: Figure 4]FIGURE 4 | Seismicity rate model overlaid with earthquakes of M7.9 in 2000, M8.5 in 2007, M7.8 in 2010, and the three-point observation placed in the position epicenter. The seismicity rate model is constructed based on the uniform background of the declustered shallow earthquake data from 1963 to 2016 and then weighted by the normalized maximum shear strain rate deduced by the pre-seismic GPS data model that was derived based on (Triyoso et al., 2020; Triyoso et al., 2022).
Furthermore, the AIC is calculated based on the likelihood of success and failure as a function of b(t) using a constant number with a radius of 150 km, referring to the point of observation. The event number of at least approximately 25 events is used in this study. The reason is that the event number is at least 25 events (Triyoso and Yuninda, 2022) due to comparing the b-value of the various events, at least 25, 50, 75, and 100 events. Therefore, comparison with the mean shows that at least 25 events or more tend to be reliable enough. The b5(t) is the change in the b-value as a time function estimated using 5-year time windows, with the 1-year moving window using the shallow earthquake data from 1963 to 2016 as the input. Furthermore, the AIC before M7.9 of 2000, M8.5 of 2007, and M7.8 of 2010 is assessed. The δAIC is then introduced as a function of (AICmodel–AICreference) during the observation time. The positive δAIC implies that the likelihood of having a large earthquake is more significant; otherwise, it is smaller. By plotting the observation time versus δAIC, we could identify the gradient before the large earthquake event. The difference of δAIC ≥ 2 is supposed to be significant.
Figure 5 shows the plotting of the time of observation versus δAIC with Mref of 6.5 and 7.0, and we could identify a large positive gradient before the large earthquake. Furthermore, it consistently happened for the three events that were evaluated. A large positive δAIC could be found before the large earthquake with Mw8.5 compared to Mw7 class. δAIC before Mw 7.8 and Mw 7.9 were almost similar. The result showed a quantity of δAIC with respect to Mw size or class. Therefore, it implies that we can probably use the δAIC to evaluate the reliability of using spatiotemporal b-value and DC as a precursor before a large earthquake.
[image: Figure 5]FIGURE 5 | Plot of the time of observation versus δAIC with Mref of 6.5 and 7.0. The δAIC was calculated before the large earthquake of M7.9 in 2000, M8.5 in 2007, and M7.8 in 2010. The result shows a significant positive gradient before the large earthquake event. It consistently happened for the three events that were evaluated.
Furthermore, the PSHF before large earthquake events is estimated at the three-point observation as a function of b(t). The PSHF parameter calculation is based on Triyoso and Suwondo (2022), where the starting locking depth at the top is 5 km (The 2017 PuSGen, 2017). In this study, the probabilistic seismic hazard is calculated by referring to the GMPE recommendation results of Triyoso and Suwondo (2022) in which, based on our present knowledge, the GMPE Zhao et al. (2006) tends to fit better, especially for the Sumatra subduction zone; thus, we refer to it. Referring to Triyoso and Suwondo (2022), the maximum radius distance of about 100 km with a magnitude range of 6.0–9.0 is used in PSHF estimation. The instantaneous PSHF is estimated based on the time windows, the same as the b(t) time length estimation, which is approximately 5 years.
Figure 6 shows the PSHF before M7.9 of 2000 (A), M8.5 of 2007 (B), and M7.8 of 2010 (C) as a function of b(t). It shows the consistency between a large positive gradient of δAIC and an increase in the PSHF at each certain probability exceedance (PE) level before the great earthquake event. It consistently happened for the three events that were evaluated. The results are consistent with the high reliability of the spatiotemporal b-value to estimate the PSHF around the study area. A different large δAIC has been shown before a large earthquake compared to the δAIC of starting observation time. In this study, we can find a similar behavior of the PSHF and the δAIC. The result showed that the SHF changed drastically with respect to Mw size or class. Therefore, it implies that using spatiotemporal b-value before a large earthquake for instantaneous PSHF seems to be reliable enough. Based on the finding, it is suggested that the result of this study might be very beneficial for PSHA and seismic mitigation realization.
[image: Figure 6]FIGURE 6 | PSHF before M7.9 of 2000 (A), M8.5 of 2007 (B), and M7.8 of 2010 (C) as a function of b(t). It shows the consistency between a large positive gradient of δAIC and an increase in the PSHF at each certain probability exceedance (PE) level before the great earthquake event. It consistently happened for the three events that were evaluated.
5 CONCLUSION
An algorithm to better understand the reliability of the PSHF before large earthquake events has been proposed. The algorithm is based on the hypothesis earthquake forecast that is based on the AIC. This study found that the reliability of the use of b-value (DC) as a function of time and space before large earthquake events has been used as a seismic precursor could be evaluated. Furthermore, this study showed a quantity of δAIC with respect to Mw size or class. Therefore, a drastic change in the PSHF is found when δAIC is large enough. Furthermore, as the earthquake potency and PSHF are functions of the b-values (DC), applying the proposed method, we could measure how reliable the b-value (DC) is as the precursor before a large earthquake from the viewpoint of PSHA. The result of this study might be very beneficial for PSHA and seismic mitigation realization.
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To quantitatively investigate the relationship between earthquakes and ionospheric anomalies, this paper presents a statistical study of pre-earthquake vertical total electron content (VTEC) variations. A total of 1522 shallow (≤60 km) strong (Mw≥6.0) earthquakes in the global area during 2000-2020 are selected, and classified according to different magnitudes, latitudes and focal depths. A quartile-based process with different lengths of sliding windows, equaling 10 days, 15 days and 27 days, respectively, has been utilized to detect VTEC anomalies. The abnormal level is first defined, and then VTEC anomalies occurrence probabilities ([image: image]) and occurrence rates ([image: image]) within 1-10 days before 1522 earthquakes have been calculated. Besides, VTEC anomalies occurrence rates of the background days (PN) are also calculated. The results show that the significant correlation between Po and epicentral latitudinal locations could be observed within 1-10 days before earthquakes. The values of Po increase with larger magnitudes in the equatorial and low-latitude regions, but decrease with greater magnitudes in the mid- and high-latitude regions to some degree. Within 1-5 days before earthquakes, the overall trend of [image: image] shows an increase with larger magnitudes, but the correlation between the values of [image: image] and magnitudes is relatively weak in the southern mid- and high-latitude regions. There is no evident causality between PN and the magnitude, and most of the values of [image: image] are larger than 1, indicating that VTEC anomalies within a few days before earthquakes are probably related with the forthcoming earthquakes. Moreover, when the abnormal level exceeds 60%, different sliding window lengths have a significant impact on the values of [image: image] and [image: image] in the mid- and high-latitude regions. In particular, there are obvious systematic deviations between the values of [image: image] obtained from different sliding windows in the southern mid- and high-latitude regions. However, the selection of the optimal sliding window needs to be further studied.
Keywords: shallow strong earthquakes, seismo-ionospheric anomaly, VTEC, statistical analysis, different lengths of sliding window
1 INTRODUCTION
The seismic process is not only confined to the lithosphere, but also has impacts on the troposphere, ionosphere and even magnetosphere through the electromagnetic fields effect. The ionospheric anomalies within a few days before the earthquakes are relatively stable at short time scales, and have been studied widely in the field of earthquake prediction (Pulinets and Boyarchuk, 2004; Liperovsky et al., 2008; Pulinets and Ouzounov, 2011). A large number of studies have shown that ionospheric perturbations before many earthquakes could be identified (e.g., Liu et al., 2001; Le et al., 2011; Zhu et al., 2014; Tang et al., 2015; Sun et al., 2016; Parrot and Li, 2018; Pulinets et al., 2021). The possible earthquake-related NmF2 (F2 layer peak electron density) and TEC anomalies have been widely discussed in recent decades (e.g., Nishihashi et al., 2009; Ma et al., 2014). Especially, because of the development of the Global Navigation Satellite system (GNSS), GNSS VTEC have attracted more and more attention in the investigation of the ionospheric variations prior to large earthquakes (Liu et al., 2004; Shah and Jin, 2015). For the first time, Liu et al. (2001) used GNSS(GPS) VTEC to study the ionospheric disturbance before the Chi-Chi earthquake, and found that the VTEC over the epicenter decreased significantly 1, 3 and 4 days before the earthquake. Later on, more and more scientists began to focus on GNSS VTEC variations before earthquakes, aiming to detect the potential ionospheric anomalies related to the forthcoming earthquakes. For example, Yao et al. (2012) analyzed ionospheric variations prior to the 2011 Mw9.0 Japan earthquake, and indicated that ionospheric anomalies occurring on 8 March might be a precursor of the earthquake; Ho et al. (2013) showed that TEC increased 9–19 days before the 2010 M8.8 Chile earthquake and specifically over the epicenter; Su et al. (2013) investigated ionospheric TEC variations before the Hector Mine earthquake, and found that ionospheric disturbance appeared just above the epicenter 5 days before the earthquake. These studies show that the GNSS TEC anomalies appear a few days before the earthquake with different magnitude and focal depth.
Over about 50 years of research, no consensus in the scientific community has been formed on the existence of ionospheric earthquake precursors (Rishbeth, 2006; Dautermann et al., 2007; Masci, 2012; Ovalle et al., 2013; Masci and Thomas, 2014; Zolotov et al., 2019). Dautermann et al. (2007) indicated that there was no statistically significant correlation between TEC anomalies and earthquakes in Southern California during 2003–2004; Kon et al. (2011) selected M≥6.0 earthquakes in Japan during 1998–2010, and found that significant positive TEC anomalies within 1000 km above the epicenter appeared within 1–5 days before the earthquakes. According to Masci (2012), the analysis of Kon et al. (2011) was not reliable because of the influence of global geomagnetic events. Ovalle et al. (2013) concluded that it remained controversial whether the observed NmF2 and TEC anomalies were unambiguously related to the 2010 M8.8 Chile earthquake. Background geomagnetic events may impact revealing the relationship between TEC anomalies and earthquakes.
To validate the relationship between ionospheric anomalies and earthquakes in response to the controversy, many scientists have undertaken a multitude of studies on the physical mechanism of generating ionospheric anomalies. Firstly, the morphological characteristics of ionospheric anomalies before a large number of earthquakes are summarized. For instance, Liu et al. (2004) analyzed Ms5.0+ earthquakes in Taiwan from 1999 to 2002, and found that obvious negative TEC anomalies occurred 5 days before the earthquakes. Le et al. (2011) made a statistical study of global 736 M≥6.0 earthquakes during 2002–2010, and proposed that occurrence rates of abnormal days are larger for earthquakes with greater magnitude and lower depth. De Santis et al. (2019) analyzed the electron density and magnetic field data from 3 Swarm satellites to detect possible anomalies associated with 1312 M≥5.5 shallow earthquakes from January 2014 to August 2018, and the results showed that anomalies occurred between a few days and 80 days before the earthquakes with larger peaks at around 10, 20 and 80 days, and supported the Lithosphere-Atmosphere-Ionosphere Coupling (LAIC) with clear statistical significance. Shah et al. (2020) studied the ionospheric anomalies before the global Mw≥5.0 earthquakes from 1998 to 2019, and the results revealed that prominent ionospheric anomalies appeared within 5 days before and after the earthquakes. Based on the characteristics of ionospheric anomalies prior to a large number of earthquakes, the physical mechanisms of seismic LAIC have been extensively studied (Freund, 2011; Klimenko et al., 2012; Pulinets, 2012; Zolotov et al., 2012). For example, Freund (2011) proposed that positive holes released by stressed rocks are highly mobile and can reach the Earth’s surface, and then ionize the atmosphere and change the vertical electric field between the ground and the lower edge of the ionosphere. In addition, a large number of studies have shown that anomalous atmospheric electric field variations in the earthquake preparation zone are likely to be the main cause of ionospheric disturbance (Zhang et al., 2014; Jiang et al., 2017; Pulinets and Davidenko, 2018; Davidenko and Pulinets, 2019). For example, Namgaladze et al. (2009) proposed that vertical plasma motion in the ionospheric F2 region under the action of the zonal electric field is the main disturbance formation factor, and ionospheric anomalies before strong earthquakes at middle and low latitudes verified this mechanism. Liu et al. (2010) studied the crest of equatorial ionization anomaly (EIA) variations before 150 M≥5.0 earthquakes in Taiwan, and the results implied that the weak atmospheric electric field a few days before the earthquakes may cause the EIA crest anomalies.
Both the characteristics of ionospheric anomalies and the physical mechanisms of lithosphere-atmosphere-ionosphere coupling present diversity and complexity, and the influence factors may include magnitudes, focal depths, latitude and longitude of the epicenter, focal mechanisms, the weather, the season, solar and geomagnetic activity and so on. However, many studies focused on a single large earthquake, and there are relatively few statistical results based on a large number of earthquakes. The corresponding characteristics of the ionospheric anomalies are still not fully understood. In addition, a quartile-based process is the most common method for extracting ionospheric VTEC anomalies, but different authors use different numbers of days as the lengths of the sliding windows, such as, 10 days (e.g., Zhou et al., 2009; Zhu et al., 2014), 15 days (e.g., Liu et al., 2010; Ke et al., 2016; Liu and Xu, 2017), 27 days (e.g., Xu et al., 2011; Guo et al., 2015), etc. It should be noted that the effects of different sliding windows on the ionospheric anomalies are rarely studied (Zolotov et al., 2019). To solve the above problems, this study uses GIM VTEC to carry out a statistical analysis by studying the VTEC anomalies within 1–10 days before 1522 global shallow (≤60 km) Mw≥6.0 earthquakes during 2000–2020. The factors, including the magnitude, focal depth and the latitude of the epicenter are considered for all the earthquakes, and the effects of different sliding windows on ionospheric anomalies are investigated. Moreover, ionospheric anomalies during background days are also analyzed to compare with those prior to the earthquakes. This study aims at helping the research on the physical mechanisms of lithosphere-atmosphere-ionosphere coupling by summarizing the characteristics of ionospheric anomalies comprehensively, and determining whether different lengths of sliding windows affect ionospheric anomalies features.
2 DATA AND METHOD
2.1 Data source
The worldwide Mw≥6.0 earthquakes during 2000–2020 are selected to analyze ionospheric anomalies in this study. The data are retrieved from the Global Centroid Moment Tensor (CMT) Project (http://www.globalcmt.org/). The earthquakes selected in this study are declustered from aftershocks following the method of Michael (2011), and the earthquakes occurring at the similar location but with the short interval (<10 days) from the previous ones are also excluded to avoid possible confounded effects from adjacent earthquakes. Finally, 1522 shallow (≤60 km) earthquakes are selected, and Figure 1 illustrates epicenter locations of these earthquakes.
[image: Figure 1]FIGURE 1 | Locations of global 1522 Mw≥6.0 earthquakes during 2000–2020.
The GIM VTEC is derived using the observations from hundreds of global GNSS stations (Hernández-Pajares et al., 2009). The GIM covers [image: image] latitude and [image: image] longitude ranges with spatial resolutions of [image: image] and [image: image], respectively, and the time interval of the VTEC is 2 h. For each earthquake, the cell including the epicenter was selected as the point to analyze ionospheric VTEC anomalies. According to Dobrovolsky, (1979), the radius of the M6.0 earthquake preparation zone is about 380 km, corresponding to [image: image]. Therefore, the spatial resolution of GIM VTEC is sufficient to extract ionospheric anomalies using the nearest grid to the epicenter.
The equatorial geomagnetic activity index (Dst) data provided by the World Data Center for Geomagnetism, Kyoto (https://wdc.kugi.kyoto-u.ac.jp/) are used to represent the geomagnetic activity.
2.2 Statistical method
In this study, a quartile-based process is performed to detect ionospheric VTEC anomalies within 1–10 days prior to each earthquake. As the length of sliding window is limited by the seasonal variability of the ionosphere at longer timescales, 10, 15, and 27 days are chosen as the candidate lengths of sliding windows based on the previous studies. At each time point on any day, the median [image: image] is computed using the VTEC at the same time point within 10, 15, and 27 days before this day as the background value, respectively, and the associated inter-quartile range [image: image] is also obtained to construct the upper or lower bound [image: image]. If VTEC continuously exceeds the associated upper or lower bounds for at least 6 h during a day, this day would be considered as an anomalous day. Moreover, the abnormal level (AL) is defined as the percentage of the largest deviation from the median (Le et al., 2011). Ionospheric anomalies with AL<20% are regarded as the daily effects of solar activities (Le et al., 2011, Personal Communication), therefore, only ionospheric anomalies with AL>20% are analyzed in this study. In addition, the ionospheric anomalies with AL>40% and AL>60% (i.e., [image: image] with [image: image]) are also checked for the purpose of studying whether the characteristics of ionospheric anomalies are similar with different AL. If a day with Dst≤−40 nT or Dst≥40nT, this day and the following 3 days are excluded to avoid the interference of the magnetic disturbed activity. After removing the effects of daily solar activity and geomagnetic disturbance, ionospheric anomalies occurring on 1 day are recorded as the seismo-ionospheric anomalies.
After the analysis of seismo-ionospheric anomalies for each event, 1522 earthquakes are divided into three different latitudinal zones (as shown in Figure 1), and VTEC anomalies occurrence probabilities ([image: image]) and occurrence rates ([image: image]) will be investigated respectively. For each zone, the earthquakes are firstly classified by magnitudes in increments of 0.1 or by depths in increments of 20km, and then we calculate [image: image] and [image: image] of each group. [image: image] can be computed as the ratio of the number of earthquakes with seismo-ionospheric anomalies and the total number of earthquakes (Fujiwara et al., 2004), as shown in Eq. 1. In this equation, [image: image] and [image: image] are the number of earthquakes with seismo-ionospheric anomalies and the total number of all the earthquakes in each group, respectively. For example, in the group (Mw ≥ 6.5 in Zone A with AL>20%), [image: image] is the number of earthquakes with seismo-ionospheric anomalies divided by the total number of earthquakes.
[image: image]
The occurrence rates for the [image: image] th earthquake [image: image] can be calculated as the ratio of the number of the seismo-ionospheric abnormal days and the total quiet days: [image: image], and [image: image] is defined as the mean of [image: image], as shown in Eq. 2, derived from Le et al. (2011). In this equation, [image: image] is the number of earthquakes in each group (for example, Mw ≥ 6.5 in Zone A with AL>20%); [image: image] is the number of seismo-ionospheric days with different AL (for example, AL>20%) within the [image: image] days before the [image: image] th earthquake, and [image: image]; [image: image] is the number of magnetic disturbed days during the 1–10 days before the [image: image] th earthquake; [image: image] is the number of the seismo-ionospheric abnormal days divided by the number of the total quiet days before the [image: image] th earthquake.
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3 RESULTS AND DISCUSSIONS
3.1 Seismo-ionospheric anomalies occurrence probabilities
According to the method described above, we calculated [image: image] for earthquakes with different magnitudes and depths. Figure 2 shows [image: image] with AL > 20%, 40%, and 60% within 1–10 days before different magnitude earthquakes with the depth ≤20, ≤40, and ≤60 km, respectively. It can be seen from Figure 2 (left), there is no significant correlation between the values of [image: image] and the magnitude for the earthquakes of 6.0≤Mw < 6.5 in all three zones. There are larger values of [image: image] in Zone A for larger magnitude earthquakes of Mw≥6.5, but the values of [image: image] decrease with the magnitudes increasing in Zone B and C for Mw≥6.5 earthquakes to some extent. The values of [image: image] in Zone A are higher than those in the other zones for Mw≥6.7 earthquakes, and all the results in Zone A are larger than those in the other zones with AL>20% and AL>40%. Ionospheric enhancements in equatorial regions may be the main reason (Liu et al., 2010; Shah et al., 2020). However, the results in Zone C for 6.0≤Mw < 6.7 earthquakes are higher than those in the other two zones with AL>60%. It needs to note that for the earthquakes in the mid- and high-latitude regions, other magnetic indices are not considered except the Dst index. So we compared the variations of the Kp index and Dst index, and found that if Kp=4 is chosen as the threshold value, the impact of not considering Kp can be ignored. But for the earthquakes in the high-latitude regions (as shown in Table 1), the number of disturbed day based on the AE index (>500 nT) is larger than that based on Dst. That is, external magnetic fields contamination is still probably not excluded in this study for these 51 earthquakes in Zone B and Zone C. However, the most of values of [image: image] in Zone A are still higher than those in other zones. It indicates that the latitude of the epicenter has a significant influence on the [image: image], that is, the results of the low-latitude and equatorial regions are higher than those of the mid- and high-latitude regions. To a certain extent, [image: image] increases with the magnitude increasing in the low-latitude and equatorial region, while [image: image] decreases with the magnitude increasing in the mid- and high-latitude region.
[image: Figure 2]FIGURE 2 | Seismo-ionospheric anomalies occurrence probabilities of AL>20%, 40%, and 60% with different magnitudes (A, C, E) and depths (B, D, F), respectively (15-day sliding window). (A, C) are the results in Zone A. (C, D) are the results in Zone B. (E, F) are the results in Zone C.
TABLE 1 | The difference of disturbed days based on Dst and AE before 51 Earthquakes at high latitudes.
[image: Table 1]According to Figure 2 (right), one can find that the values of [image: image] decrease in Zone A and C, and increase in Zone B slightly, with depths increasing. The maximum difference of [image: image] between different depths in Zone A, B and C was 0.0075, 0.0372 and 0.0291, respectively. Therefore, it reveals that for shallow earthquakes (≤60 km), the influence of depths on [image: image] could be ignored. For the case of AL>20% or AL>40%, the results of Zone A are the largest, followed by those of Zone B. For the case of AL>60%, the results of Zone C are the largest, while the rest two zones have no significant difference. Therefore, selecting different AL has an obvious impact on [image: image] in different zones with different magnitudes and depths. Considering that all the earthquakes in this study are shallow earthquakes, the impact of different depths will not be further investigated in the following sections.
To study the effects of different lengths of the sliding windows on [image: image], Figure 3 shows the differences between the results of different sliding windows, indicating the effect of sliding window length on latitudinal zones, that is, the most affected zones are Zone C, B and A in decreasing order. For the earthquakes in the southern mid- and high-latitude region (Zone C), compared with the results of 15-day sliding window: 1) the results of 10-day or 27-day sliding window are systematically increased, and the differences are larger using 27-day sliding window; 2) For the cases of AL>20% or AL>40%, most of the relative changes are less than 20%, while the maximum difference and relative change can reach 0.16% and 80%, respectively with AL>60%. Moreover, the differences increase with the increase of the magnitude selecting AL>60%.
[image: Figure 3]FIGURE 3 | The differences and relative changes of seismo-ionospheric anomalies occurrence probabilities between the results of different sliding windows. (A, C, E) show the difference between the results of 10-day and 15-day sliding windows in Zone A, Zone B and Zone C, respectively. (B, D, F) show the difference between the results of 27-day and 15-day sliding windows in Zone A, Zone B and Zone C, respectively.
For the earthquakes in the northern mid- and high-latitude region (Zone B), compared with the results of 15-day sliding window: 1) most differences are random, and are also greater using 27-day sliding window; 2) For the cases of AL>20% or AL>40%, most relative changes are between −6% and 10%. For the cases of AL>60%, the 27-day results increase systematically, and the maximum difference and relative change can reach 0.092% and 35.71%, respectively.
For the earthquakes in the low-latitude and equatorial region (Zone A), compared with the results of 15-day sliding window: 1) the results vary systematically using the 27-day sliding window; 2) For the cases of AL> 20% or AL>40%, most relative changes are between −8% and 8%. For the cases of AL>60%, the 27-day results increase systematically and the differences decrease with the magnitude increasing, with the maximum difference and relative change reaching 0.039% and 19.59%, respectively.
When AL > 20% or AL > 40% is selected to extract seismo-ionospheric anomalies, most of the relative changes of different sliding window are under 20%. In this study, GIM produced by the Jet Propulsion Laboratory (JPL) is used, and the error of VTEC estimation during the creating process of global maps by JPL is about 10%–17% (Zakharenkova et al., 2008). Therefore, for the case of AL > 20% or AL > 40%, different lengths of sliding windows have a statistically insignificant influence on [image: image]. When AL>60% is selected, different lengths of sliding windows have non-negligible impacts on [image: image] in the mid- and high-latitude region, particularly in the southern Hemisphere where there are obvious systematic deviations between the results of different sliding windows. The reasons for the observed systematic deviations may include: 1) the real effects of different lengths of sliding windows; 2) the number of GNSS stations in the southern Hemisphere is smaller than those in the northern Hemisphere, resulting in larger error of VTEC in the southern Hemisphere; 3) the number of earthquakes in Zone C is the smallest. 4) external magnetic fields contamination is still probably not excluded in this study for some earthquakes in Zone B and Zone C (Table 1). However, it can be noted that in Zone A, there are also obvious systematic deviations between the results of 15-day and 27-day sliding windows, indicating the influence of different sliding window lengths cannot be ignored.
Figure 4 shows the Index Number in percentage of the seismo-ionospheric anomalies within 1–10 days before the earthquakes. The Index Number is calculated as the ratio of the cumulative number of seismo-ionospheric anomalies in a single day and the total number of seismo-ionospheric anomalies (Shah et al., 2020). The Index Number enhances within 5 days before the earthquakes in all the three zones, especially in Zone A and B. Figures 5, 6 show the differences and relative changes between the results of different sliding windows. It can be seen that the differences between the results of different sliding windows are random, and are larger between the results of 15-day and 27-day sliding windows. The differences are smallest in Zone A, followed by Zone B. The differences raise with AL increasing. For the case of AL>20% or AL>40%, compared with the results of 15-day sliding window, the most of relative changes are between −20% and 25%. For the case of AL > 60%, the differences are more significant, as the relative changes can exceed 50% in all the three zones. So when AL>60% is selected, the impacts of different sliding windows on the Index Number can not be neglected.
[image: Figure 4]FIGURE 4 | The Index Numbers of the seismo-ionospheric anomalies within 1-10 days before the global earthquakes during 2000-2020 (15-day sliding window). (A, C, E) are the results of 6.0≤Mw<6.5 in Zone A, Zone B and Zone C, respectively. (B, D, F) are the results of Mw≥6.5 in Zone A, Zone B and Zone C, respectively.
[image: Figure 5]FIGURE 5 | The differences and relative changes of the Index Numbers of the seismo-ionospheric anomalies between the results of 10-day and 15-day sliding windows. (A, C, E) represent the results of 6.0≤Mw<6.5 in Zone A, Zone B and Zone C, respectively. (B, D, F) represent the results of Mw≥6.5 in Zone A, Zone B and Zone C, respectively.
[image: Figure 6]FIGURE 6 | The differences and relative changes of the Index Numbers of the seismo-ionospheric anomalies between the results of 27-day and 15-day sliding windows. (A, C, E) represent the results of 6.0≤Mw<6.5 in Zone A, Zone B and Zone C, respectively. (B, D, F) represent the results of Mw≥6.5 in Zone A, Zone B and Zone C, respectively.
3.2 Seismo-ionospheric anomalies occurrence rates
According to Eq. 2, seismo-ionospheric anomalies occurrence rates [image: image] are obtained for all the three zones. Figure 7 shows [image: image] with AL>20%, AL>40% and AL>60% within 1–10 days before different magnitude earthquakes. We found that the larger magnitude of earthquakes and the closer prior to the earthquake occurrence, the larger values of [image: image]. For instance, the value of [image: image] increases from 26.82% for Mw≥6.0 earthquakes to 31.29% for Mw≥7.0 earthquakes 1 day before the earthquakes. It can be seen that the correlation is not obvious between the values of [image: image] in Zone C and the magnitude with AL>60%. It needs to be taken into account with the time (for example, 1–5 days prior to the earthquakes) and the latitude of the epicenter (for example, in the low-latitude and equatorial region) that the values of [image: image] increase with the magnitude increasing. In addition, as mentioned in the previous section, the number of earthquakes is smaller and the errors of VTEC are larger in Zone C, so the results in Zone C could be biased to some extent. Besides, the effects of external magnetic fields contamination for some earthquakes in Zone B and Zone C may not be excluded, which would also bias the results.
[image: Figure 7]FIGURE 7 | Seismo-ionospheric anomalies occurrence rates of AL>20%, 40%, and 60% within 1-10 days before earthquakes of Zone A (A, D, G), Zone B (B, E, H), and Zone C (C, F, I), respectively (15-day sliding window).
Figures 8, 9 represent the [image: image] differences of the results using different sliding windows. For Zone A, different sliding window lengths have little influence. For Zone B, compared with the results of the 15-day sliding window, the values of [image: image] significantly increase for Mw≥6.7 earthquakes using 27-day sliding window. For Zone C, the differences of the results of different sliding windows are larger than those in the other zones without systematic pattern. Therefore, it indicates that the impacts of sliding window lengths are related to the latitude of the epicenter. Different sliding windows should be selected to investigate the earthquakes in different zones. For Zone A, 10-day, 15-day and 27-day sliding windows may be selected arbitrarily. For Zone B, 27-day sliding window may be a better choice. But the selection of the optimal sliding window for Zone C still needs further research in the future.
[image: Figure 8]FIGURE 8 | The differences of seismo-ionospheric anomalies occurrence rates between the results of 10-day and 15-day sliding windows. (A, D, G) represent the results in Zone A. (B, E, H) represent the results in Zone B. (C, F, I) represent the results in Zone C.
[image: Figure 9]FIGURE 9 | The differences of seismo-ionospheric anomalies occurrence rates between the results of 27-day and 15-day sliding windows. (A, D, G) represent the results in Zone A. (B, E, H) represent the results in Zone B. (C, F, I) represent the results in Zone C.
To compare the difference between the seimo-ionospheric anomalies a few days before the earthquakes and the day-to-day ionospheric variation, the ionospheric anomalies occurrence rates during background days [image: image], as shown in Eq. 3, derived from Le et al. (2011), are also calculated. For each earthquake, 61–300 days before this earthquake are selected as the background days, and disturbed days [image: image] by geomagnetic storms and by the Mw≥6.0 earthquakes at the adjacent places are also excluded.
[image: image]
In this equation, [image: image] is the number of earthquakes in each group (for example, Mw ≥ 6.5 in Zone A with AL>20%); [image: image] is the number of seismo-ionospheric days with different AL (for example, AL>20%) during the 61–300 days before the [image: image] th earthquake; [image: image] is the number of disturbed days.
Figure 10A shows the values of [image: image] for different magnitude earthquakes. The results are smaller than those of [image: image], and seem to decrease very slightly with the magnitude increasing. The effects of different latitudinal locations and AL on the values of [image: image] is insignificant. Figures 10B, C) presents the differences of [image: image] derived from different sliding window lengths are obviously systematic, and are related to AL. For example, when AL > 20% is assumed, all the results of 27-day sliding window are reduced compared with those of 15-day sliding window. Therefore, different sliding window lengths have a systematic effect on the values of [image: image].
[image: Figure 10]FIGURE 10 | (A) Ionospheric anomalies occurrence rates of A >20%, 40%, and 6% during background days; (B) The differences of ionospheric anomalies occurrence rates between the results of 10-day and 15-day sliding windows; (C) The differences of ionospheric anomalies occurrence rates between the results of 27-day and 15-day sliding windows.
Figure 11 shows the ratio of [image: image] and [image: image] with different magnitude using 15-day sliding window. The results show that most of the values of [image: image] are larger than 1, indicating large differences of the occurrence rates between the days prior to earthquakes and the background days.
[image: Figure 11]FIGURE 11 | The ratio of the seimo-ionospheric anomalies occurrence rates within 1-10 days before the earthquakes to the ionospheric anomalies occurrence rates during background days (15-day sliding window). (A, D, G) represent the results in Zone A. (B, E, H) represent the results in Zone B. (C, F, I) represent the results in Zone C.
4 CONCLUSION
Both the latitude of the epicenter and the magnitude can affect the characteristics of seismo-ionospheric anomalies before shallow earthquakes. In terms of seismo-ionospheric anomalies occurrence probabilities [image: image], ionospheric enhancement in the low-latitude and equatorial region is more significant (Zone A), and their [image: image] are larger with the magnitude increasing, especially for Mw≥6.6 earthquakes; in the mid- and high-latitude region (Zone B and C), a slight negative correlation is presented between the values of [image: image] and the magnitude. In terms of seismo-ionospheric anomalies occurrence rates [image: image], the values of [image: image] increase with the magnitude increasing in all the three zones, but the correlation between the values of [image: image] and the magnitude is faint in Zone C. Because of the small number of earthquakes and the low accuracy of VTEC in Zone C, the reliability of the results still needs to be further studied and confirmed.
Both the number of days before earthquakes and the AL can affect the characteristics of seismo-ionospheric anomalies before shallow earthquakes. The number of seismo-ionospheric anomalies within 1–5 days before the earthquakes increases significantly in all the three zones, and the positive correlation between the values of [image: image] and the magnitude is more strong within 1–5 days before the earthquakes. For the case of AL>20% and AL>40%, the values of [image: image] in the low-latitude and equatorial region are higher than those in the mid- and high-latitude region; For the case of AL>60%, the values of [image: image] in the southern mid- and high-latitude region are higher than those in the other zones before 6.0≤Mw < 6.7 earthquakes. Therefore, when seismo-ionospheric anomalies in different regions are analyzed, the choice of AL may affect the outcome significantly.
For the mid- and high-latitude region, the effects of different lengths of sliding windows on seismo-ionospheric anomalies can not be ignored. For the case of AL>60%, different sliding windows have a significant impact on the values of [image: image] and [image: image], and there are systematic deviations between the values of [image: image] using different sliding windows in the southern mid- and high-latitude region. However, the selection of the optimal sliding window needs to be further studied, especially for the Zone C.
Moreover, there are large differences between the seismo-ionospheric anomalies occurrence rates [image: image] 1–10 days prior to the earthquakes and ionospheric anomalies occurrence rates [image: image] during the background days, indicating that the seismo-ionospheric anomalies within just a few days before the earthquakes are probably related with the forthcoming earthquakes. The 1522 earthquakes in this study are divided into multiple groups, resulting in the small number of earthquakes in some groups, and the accuracy of VTEC in different regions is uneven, which may bias the results in this study. Although the earthquakes occurring at the similar location but with the short interval (<10 days) from the previous ones are excluded, some earthquakes occurring close to their boundaries in two confining zones may also have some confounded effects on the results. Besides, whether a pixel of [image: image] is appropriate for the earthquakes larger than Mw6.0 needs to be further studied.
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Neo-Deterministic Seismic Hazard Assessment (NDSHA), dating back to the turn of the Millennium, is the new multi-disciplinary scenario- and physics-based approach for the evaluation of seismic hazard and safety–guaranteeing “prevention rather than cure.” When earthquakes occur, shaking certainly does not depend on sporadic occurrences within the study area, nor on anti-seismic (earthquake-resistant) design parameters scaled otherwise to probabilistic models of earthquake return-period and likelihood — as adopted in the widespread application of the model-driven Probabilistic Seismic Hazard Analysis (PSHA). Therefore, from a policy perspective of prevention, coherent and compatible with the most advanced theories in Earth Science, it is essential that at least the infrastructure installations and public structures are designed so as to resist future strong earthquakes. Evidences and case histories detailed in the newly published book Earthquakes and Sustainable Infrastructure present a new paradigm for Reliable Seismic Hazard Assessment (RSHA) and seismic safety — comprehensively detailing in one volume the ‘state-of-the-art’ scientific knowledge on earthquakes and their related seismic risks, and actions that can be taken to ensure greater safety and sustainability. The book is appropriately dedicated to the centenary of Russian geophysicist Vladimir Keilis-Borok (1921–2013), whose mathematical-geophysical insights have been seminal for the innovative paradigm of Neo-deterministic seismic hazard assessment. This review focuses on Hazards, Risks and Prediction initially discussed in the introductory Chapter 1 — an understanding of which is essential in the applications of the state-of-the-art knowledge presented in the book’s 29 following chapters.
Keywords: complex dynamical systems, earthquake disaster, hazard analysis, pattern recognition applications, risk analysis, scenario simulation
INTRODUCTION
Newly published Earthquakes and Sustainable Infrastructure (Panza et al., 2021) presents a new paradigm for seismic safety — comprehensively detailing in one volume the ‘state-of-the-art’ scientific knowledge on earthquakes and their related seismic risks, and the actions that can be taken to reliably ensure greater safety and sustainability. This book is appropriately dedicated to the centenary of Russian geophysicist Vladimir Keilis-Borok (1921–2013), whose mathematical insights have been seminal for the innovative paradigm of Neo-Deterministic Seismic Hazard Assessment (NDSHA). Dating back to the turn of the Millennium, NDSHA is the new multi-disciplinary scenario- and physics-based approach for the evaluation of seismic hazard and safety — guaranteeing “prevention rather than cure.”
When earthquakes occur with a given magnitude (M), the shaking certainly does not depend on sporadic occurrences within the study area, nor on anti-seismic (earthquake resistant) design parameters scaled otherwise to probabilistic models of earthquake return period and likelihood — as adopted in the widespread application of the model-driven Probabilistic Seismic Hazard Analysis (PSHA), e.g., by the Global Earthquake Model (GEM) project and its recent spinoff Modello di Pericolosità Sismica (MPS19) for Italy.
An earthquake compatible with the seismogenic characteristics of a certain area, even if sporadic and therefore labelled as “unlikely”, can occur at any time, and the anti-seismic design parameters must take into account the magnitude values defined according to both the seismic history and the seismotectonics. Therefore, from a policy perspective of prevention, coherent and compatible with the most advanced theories in Earth Science, it is essential that at least the infrastructure installations and public structures are designed so as to resist (or sustain) future strong earthquakes and continue operation in their original capacities.
Thirty chapters of the book provide comprehensive reviews and updates of NDSHA research and applications so far in Africa, America, Asia and Europe — a collection of evidences and case histories that hopefully will persuade responsible people and authorities to consider these more reliable procedures for seismic hazard analyses and risk evaluation. Providing awareness that the use of PSHA may result in the design of unsafe buildings, NDSHA evaluations must be considered in the next versions of earthquake-resistant design standards and explicitly taken as the reference approach for both safety and sustainability.
The book fulfils essential needs of geophysicists, geochemists, seismic engineers, and all those working in disaster preparation and prevention; and is the only book to cover earthquake prediction and civil preparedness measures from a Neo-Deterministic (NDSHA) approach. In this review we focus on the lead chapter: Hazard, Risks, and Prediction by Vladimir Kossobokov (2021) — an understanding of which is essential in the applications of the state-of-the-art knowledge presented in the book’s 29 following chapters.
SCIENCE SHOULD BE ABLE TO WARN PEOPLE OF LOOMING DISASTER
« Science should be able to warn people of looming disaster, Vladimir Keilis-Borok believes.“My main trouble,” he says, “is my feeling of responsibility.” »(Los Angeles Times, 9 July 2012)
Nowadays, in our Big Data World, Science can disclose Natural Hazards, assess Risks, and deliver the state-of-the-art Knowledge of Looming Disasters in advance of catastrophes, along with useful Recommendations on the level of risks for decision-making with regard to engineering design, insurance, and emergency management. Science cannot remove, yet, people’s favor for fable and illusion regarding reality, as well as political denial, sincere ignorance, and conscientious negligence among decision-makers. The general conclusion above is confirmed by application and testing against Earthquake Reality, that the innovative methodology of Neo-Deterministic Seismic Hazard Assessment (NDSHA) “Guarantees Prevention Rather Than Cure.” NDSHA results are based on reliable seismic evidence, Pattern Recognition of Earthquake Prone Areas (PREPA), implications of the Unified Scaling Law for Earthquakes (USLE), and exhaustive scenario-based modeling of ground shaking.
The UN World Conference on Disaster Reduction, held January 18–22, 2005 in Kobe, Hyogo, Japan, formally adopted the Hyogo Framework for Action 2005–2015: “Building the Resilience of Nations and Communities to Disasters”, just days following the 26 December 2004, MW 9.2 Great Indian Ocean mega-earthquake and tsunami. During the Conference, a Statement (Kossobokov, 2005a) at the “Special Session on the Indian Ocean Disaster: risk reduction for a safer future” was urging or insistent on a possibility of a few mega-earthquakes of about the same magnitude MW 9.0 occurring globally within the next 5–10 years. This prediction was confirmed, unfortunately, by both the 27 February 2010, MW 8.8 mega-thrust offshore Maule, Chile and the 11 March 2011, MW 9.1 mega-thrust and tsunami off the Pacific coast of Tōhoku, Japan (Kossobokov, 2011; Ismail-Zadeh and Kossobokov, 2020).
An opportunity to reduce the impacts from both these earthquakes and tsunami disasters was missed. Davis et al. (2012) showed how the prediction information on expected world’s largest earthquakes provided by the M8 and MSc algorithms (Keilis-Borok and Kossobokov, 1990; Kossobokov et al., 1990), although limited to the intermediate-term span of years and middle-range location of a thousand km, can be used to reduce future impacts from the world’s largest earthquakes.
The primary reasons for having not used the prediction for improving preparations in advance of the Tōhoku earthquake “included: 1) inadequate links between emergency managers and the earthquake prediction information; and 2) no practiced application of existing methodologies to guide emergency preparedness and policy development on how to make important public safety decisions based on information provided for an intermediate-term and middle-range earthquake prediction having limited but known accuracy.” The Tōhoku case-study exemplifies how reasonable, prudent, and cost-effective decisions can be made to reduce damaging effects in a region, when given a reliable Time of Increased Probability (TIP) for the occurrence of a large earthquake and associated phenomena like tsunami, landslides, liquefaction, floods, fires, etc.
The Sendai Framework for Disaster Risk Reduction 2015–2030, a successor of the Hyogo Framework for Action, is a set of agreed-upon commitments to proactively ensure the prevention of “new” Disasters — through the timely implementation of integrated economic, structural, legal, social, health, cultural, educational, environmental, technological, political, and institutional measures (Briceño, 2014; Mitchell, 2014). Years after the 2005 Hyogo and 2015 Sendai Frameworks for Disaster Risk Reduction, countries are now following a range of different approaches and mitigation strategies, due to the variety of both societal systems and hazards. However, Gilbert White’s (2005) observation from the tragic tsunami beginnings of this heightened awareness that it was “important to recognize that no country in the world has achieved a completely effective policy for dealing with the rising tide of costs from natural hazards” is still largely true today.
Our beliefs in models, myths can contradict real-world observations
Moreover, the ongoing COVID-19 pandemic is an itchy and troubling global example of how public policies based on presumably both “the best science available” and also data of high quality nonetheless appear to be extremely difficult, uneven, and may sometimes lead to Disaster even in those countries that were supposedly well-prepared for such an emergency. In fact, the pandemic (https://coronavirus.jhu.edu/map.html), with a rapidly growing less-than-a-year death toll of 1,820,841 and 83,579,767 global cases reported on 1 January 2021, as of 13 February 2021, had the numbers alarmingly already raised to 2,385,203 and 108,289,000 respectively — and thereby sheds a sobering shower on our existing unperturbed and unchallenged myths about disasters (Mitchell, 2014). As of 2 September 2021, the totals had more than doubled, rising to 4,702,119 and 229,159,687 despite enormous efforts on vaccination. JHU has stopped collecting data as of March 10, 2023 when the death toll reached 6,881,955; total cases reached 676,609,955; and total vaccine doses administered reached 13,338,833,198.
In one disastrous outcome, “the anzen shinwa (“safety myth”) image portrayed by the Japanese government and electric power companies tended to stifle honest and open discussion of the risks” from nuclear power, in the years leading up to the 2011 Fukushima disaster (Nöggerath et al., 2011). Kaufmann and Penciakova (2011) illustrate how “countries with good governance”— for example, Chile in 2010, “can better prepare for and mitigate the devastating effects of natural disasters” through leadership and transparency. In exploring “Japan’s governance in an international context and its impact on the country’s crisis response,” they reveal how failures in the nuclear plant regulatory environment (including regulatory capture — wherein “the rulemaking process also appears to be riddled with conflict of interest”) led to an unmitigated disaster that was totally avoidable. See also (Saltelli et al., 2022).
Can nothing be done to stop the increasing number of disasters?
Is there any reason, when estimating long-term trends, for inventing the Myth that now “fewer people are dying in disasters” (Mitchell, 2014), if a pandemic like COVID-19 (or even a single deadly event like the 2004 Great Indian Ocean mega-earthquake and tsunami that killed 227,898 people) can push up significantly the expected average rate of death tolls? Is Climate Change now the biggest cause of disasters, since both vulnerable populations and infrastructures presently exist widespread in the areas exposed to extreme catastrophic events of different kinds?
Is it true that nothing can be done to stop the increasing number of disasters, if, alternatively, a country can radically reduce its risks from disasters by appropriate investments, incentives, and political leadership? Unlike 30 years ago, Science presently does have the know-how to reduce damage from even the major hazardous events to the level of incidents rather than disasters.
Evidently, we do not live in a black-and-white disaster world, and our beliefs, i.e., our mental models, or the “conceptualizations” that we “bring to the task” (pages 2–3 in Chu, 2014) in “initial basic principles” may unfortunately lead us to rather prefer models that contradict with our real-world observations. We know quite well the famous quotation that “all models are wrong, but some are useful” from George Box (1979), but too often we forget that some models are useless and some others are really harmful, especially, when viewed as complete substitutes for the original natural phenomenon (Gelfand, 1991).
Nowadays, in our Big Data World, where the global information storage capacity routinely surpasses a level of more than 6 Zettabytes (6 × 10+21 in optimally compressed bytes) per year, “open data”, together with the enormous amount of available pretty fast user-friendly software, provide unprecedented opportunities for the development and enhancement of pattern recognition studies — in particular, those studies applied to Earth System processes. However, a Big Data World alternatively opens up as well many wide avenues, narrow pathways, and even rabbit holes for finding and/or imagining deceptive associations (i.e., Quixote-like patterns that are not really there) in both inter- and trans-disciplinary data — therein then subsequently inflicting misleading inventions, predictions, and, regretfully, wrong decisions that eventually may lead to different kinds of disasters.
THE CORE SEED OF DISASTER IS RISK
The “common language vocabulary” by itself is oftentimes confusing to common peoples’ understandings of well-intentioned messaging conveying importance of dangers and their likelihood, even though generally being both thought-provoking and pretty much instructive: see Cambridge Dictionary for Disaster; Hazard; Risk; Vulnerability; and Prediction (https://dictionary.cambridge.org/us/).
“Although ‘hazard’ and ‘risk’ are commonly regarded as synonyms, it is useful to distinguish between them. Hazard can be thought of as the possibility that a dangerous phenomenon might occur, whereas risk is a measure of the loss to society that would result from the occurrence of the phenomenon. More concisely, ‘risk is a measure of the probability and severity of adverse effects’ (Lowrance, 1976; Peterson, 1988).” Seismic hazard refers to the natural phenomenon of earthquakes, ground motion in particular, which can cause harm. Seismic risk refers to the possibility of loss or injury caused by a seismic hazard.
We are all living in a risky world, and Figure 1 illustrates further our appetite for all the essential intertwined loops of Risk: defined in common language as “the chance of injury, damage, or loss.” The figure complements with the fifth basic component of Time the four components presented by Boissonnade and Shah (1984), who define Risk “as the likelihood of loss”. In insurance studies: a) the Exposure is defined as “the value of structures and contents, business interruption, lives, etc.”; and b) Vulnerability as the sensitivity to Hazard(s) at certain Location(s) — i.e., “the position of the exposure relative to the hazard.” Since Hazard is likely to cause damage and losses sometimes, the origin Time and duration of any hazardous event may become critical in its transformation to Disaster, as illustrated later.
[image: Figure 1]FIGURE 1 | A knot that symbolically intertwines hazard, location, time, exposure, and vulnerability — all around Risk.
Natural hazards
In the natural hazard realm, these dangerous and damaging phenomena may include earthquake, tsunami, flood, landslide, volcanic eruption, hurricane, tornado, wildfire, etc. Hazards (or possibilities that dangerous phenomena might occur) are especially “risky” when they are only thought of in terms of the perceived probabilities for their occurrence (i.e., low hazard or high hazard) — because here we really need to consider the components of Location, Time, and Exposure versus Vulnerability as well.
We also know quite well from experience that hazardous events may cascade — where (under certain circumstances) a primary event may initiate or cause further secondary, tertiary, etc. damages, disruptions, and losses — such as the recent August 26 2021 Hurricane Ida, a Category 4 storm that blasted ashore in Louisiana midday “knocking out power to all of New Orleans, blowing roofs off buildings and reversing the flow of the Mississippi River as it rushed from the Louisiana coast into one of the nation’s most important industrial corridors” in the middle of increasing Delta Variant infections/hospitalizations due to the ongoing COVID-19 pandemic. Thus, depending on both the particular risky situation and our response, a hazardous event scenario may either cause or not cause a Disaster.
Can uncertainty be computed?
While Risk can be computed, uncertainty cannot. So regretfully, the following statement, originally attributed to seismic hazard assessment some four decades ago, has not lost its relevance today, and still applies appropriately to present day situations we face in analyzing other potential damages and losses — for the timely implementation of integrated economic, structural, legal, social, health, cultural, educational, environmental, technological, political, and institutional measures:
However, ignorance still exists on the seismic severity (usually expressed in intensity values) a site may expect in the future as well on the damage a structure may sustain for a given seismic intensity. (Boissonnade and Shah, 1984, p. 233)
And while prediction is “the act of saying what you think will happen in the future: e.g., ‘I wouldn’t like to make any predictions about the result of this match.’”— even the advanced tools of data analysis may lead to wrong assessments, when inappropriately used to describe the phenomenon under study. A (self-) deceptive conclusion could be avoided by verification of candidate models against (reproducible) experiments on empirical data — and in no other way.
Risk communication in disaster planning
When decisions are made about required actions in response to prediction of a disaster, the choices made are usually based on a comparison of expected “black eyes” (risks/costs) and “feathers in caps” (benefits). If the latter exceed the former, it is reasonable to go forward. But each of decision-makers may have rather different opinions on hazards, risks, and outcomes of different decisions and, as it is well-known, even two experts (scientists, in particular) may have three or more opinions!
Therefore, actual decisions sometimes (if not always) are not optimal, especially when there are alternative ways of gaining personal benefits or avoiding personal guilt. In many practical cases, decision makers do not have any opinion due to: i) ignorance in beyond-design circumstances; ii) denial of hazard and risk — based on misconceptions; and iii) a sense of personal responsibility to an impending disaster when it is too late to take effective countermeasures. As a result, since Prediction again is “the act of saying what you think will happen in the future: e.g., ‘I wouldn't like to make any predictions about the result of this match.’” — this mimicked view in policy decisions becomes a common way to avoid responsibility.
Since there is already a lot of flexibility in common language that justifies the following disclaimer note: “Any opinions in the examples do not represent the opinion of the Cambridge Dictionary editors or of Cambridge University Press or its licensors.” — we note that many people, including scientists, do not well distinguish between ‘unpredictable’, ‘random’, and ‘haphazard’, which distinctions are, nevertheless, crucial for scientific reasoning and conclusions. In particular, Stark (2017, 2022) emphasizes that: “‘Random’ is a very precise statistical term of art” and that notions of probability can only apply “if the data have a random component.”
Risk Modeling (Michel, 2018) is about the future of Exposure and necessarily convolves Hazard (where possibility now ≈ likelihood of an event) with the components of Location, Time, and Vulnerability (Cannon, 1993; McEntire et al., 2002; McEntire, 2004). Fischhof and Kadvany (2011) informatively note that Risk “shows how to evaluate claims about facts (what might happen) and about values (what might matter)”, further observing that as was previously noted with regard to the global COVID-19 pandemic, officially declared 11 Mar 2020 by the World Health Organization (WHO): “societies define themselves by how they define and manage dangers.” See also (SISMA-ASI (2009); Kaufmann and Penciakova, 2011; May, 2001; Berke and Beatley, 1992; Scawthorn, 2006; SISMA-ASI (2009); Wang, 2008; Wiggins, 1972; Bolt, 1991; Tierney, 2014).
Thus, an earthquake hazard with a presumed low-likelihood (or low probability) can nevertheless represent a high or even unacceptable risk (Berke and Beatley, 1992; May, 2001; Marincioni et al., 2012; Bela, 2014; Tanner et al., 2020), in addition to references cited in previous paragraph — and particularly for those cases noted in “Earthquakes and Sustainable Infrastructure” (Panza et al., 2021), the state-of-the-art approaches are “aimed at the level of natural risks for decision-making in regard to engineering design, insurance, and emergency management”.
And while insurance can repair the damage, and while catastrophic reinsurance can even further spread the risk and keep first insurers solvent, lives can only be saved and infrastructure installations and public structures can only “resist (or sustain) future strong earthquakes and continue to operate in their original capacity” if they can withstand the shaking. An often unappreciated and complicating factor is that “earthquake risk is characteristically seen as ‘remote’ ”— with naturally rare earthquake events “resulting in low risk awareness and low risk reward (Michel, 2014).”
Volcanic disasters: Nyiragongo and Mt. St. Helens
The recent 22 May 2021 Nyiragongo volcano (DR Congo) flank eruption is tellingly illustrative of a volcanic disaster. After just 19 years since the catastrophic January-February 2002 flank eruption, a new flank eruption began on 22 May 2021 (coincidentally on the same date as the Mw 9.5 1960 Chile earthquake, the largest recorded earthquake of the 20th century). As of 27 May 2021 “More than 230,000 displaced people are crowding neighboring towns and villages. Lack of clean water, food and medical supplies, as well as electricity in parts of Goma, are creating catastrophic conditions in many places. To add to all this misery, health authorities are worried about outbreaks of cholera — at least 35 suspected cases have been found so far.” (https://www.volcanodiscovery.com/nyira-gongo/eruption-may-2021/activity-update.html).
USGS volcanologist Donald Peterson, who witnessed first-hand the catastrophic 1980 Eruption of Mt. St. Helens in southwestern Washington state, United States, observed in a comprehensive review of “Volcanic Hazards and Public Response” (Peterson, 1988) that “although scientific understanding of volcanoes is advancing, eruptions continue to take a substantial toll of life and property.” And although “scientists sometimes tend to feel that the blame for poor decisions in emergency management lies chiefly with officials or journalists because of their failure to understand the threat,” he believes otherwise that “however, the underlying problem embraces a set of more complex issues comprising three pervasive factors: 1) the first factor is the volcano: signals given by restless volcanoes are often ambiguous and difficult to interpret, especially at long-quiescent volcanoes; 2) the second factor is people: people confront hazardous volcanoes in widely divergent ways, and many have difficulty in dealing with the uncertainties inherent in volcanic unrest; 3) the third factor is the scientists: volcanologists correctly place their highest priority on monitoring and hazard assessment, but they sometimes fail to explain clearly their conclusions to responsible officials and the public, which may lead to inadequate public response.” And since “of all groups in society, volcanologists have the clearest understanding of the hazards and vagaries of volcanic activity; they thereby assume an ethical obligation to convey effectively their knowledge to benefit all of society.”
Explaining uncertainty; miscommunication and disasters
Common language vocabulary issues aside; “it is not easy to explain the uncertainties of volcanic hazards to people not familiar with volcanoes, and often these difficulties lead to confusion, misunderstanding, and strained relations between scientists and persons responsible for the public welfare, such as civil officials, land managers, and journalists” (Peterson, 1988) — and notably, the fatal 6 April 2009 Mw 6.3 earthquake disaster that occurred in the Abruzzi region of Central Italy, killing more than 300 people and wrecking the medieval heart of the city, is just such a case-in-point: showing that the above miscommunication reality will apply mutatis mutandis to earthquakes and other hazards. The 2009 L’Aquila earthquake had been preceded by much seismic activity beginning in October 2008, analogous to the preparatory rumblings of an awakening volcano. But even though it occurred in a zone defined at high seismic hazard, as charted on a map — high vulnerabilities combined with major failures in Disaster Risk Mitigation to produce both the tragic large losses and an ensuing legal prosecution of six scientists and one government official, “the L'Aquila Trial” (See Marincioni et al., 2012; Panza and Bela, 2020 and Supplementary Material therein).
Effective communication
In comprehensively addressing the public response, Peterson “advanced the view that volcanologists should regard the development of effective communications with the public just as important a challenge as that of monitoring and understanding the volcanoes. We must apply the same degree of creativity and innovation to improving public understanding of volcanic hazards,” he believed, “as we apply to the problems of volcanic processes. Only then will our full obligation to society be satisfied.”
To be creatively most effective, in developing effective communications with the public (all people or groups not involved in the scientific study of volcanoes, earthquakes, etc.), Peterson offered these insights systematically researched and provided from the social sciences, which “deal with the interaction of people with all kinds of hazards.”
Sorensen and Mileti (1987), pages 14–53 showed that the response to a warning by a person (Figure 2) or group includes a series of steps that involve hearing a message, understanding it, believing it, personalizing it (that is, being convinced that it really applies to the individual), and finally taking action. Different people and different societies react in individual ways as they progress through these steps. The style of a warning message greatly influences the response it produces, and warnings are most effective if they are specific, consistent, accurate, certain, and clear (Sorensen and Mileti, 1987, page 20). If one or more of these attributes is missing, the message is more likely to be ignored or disbelieved.
[image: Figure 2]FIGURE 2 | “I want to report an earthquake.”
WHAT (WE THINK) WE KNOW ABOUT EARTHQUAKES
For a reliable seismic hazard assessment, a specialist must be knowledgeable in understanding seismic effects:
• An earthquake is a sudden movement that generates seismic waves inside the Earth and shakes the ground surface.
• Although historical records on earthquakes are known from 2100 B.C., generally most of the earthquakes before the middle of the 18th century are lacking a reliable description, with a possible exception being the Catalogo Parametrico dei Terremoti Italiani (Gasperini et al., 2004) based upon both historical and instrumental data comprising an Italian Earthquakes Catalog more than a thousand years long.
• Earthquakes are complex phenomena. Their extreme catastrophic nature has been known for centuries, due to resulting devastations recorded from many of them.
• Their abruptness, along with their sporadic, irregular and apparently rare occurrences, all facilitate formation of the common perception that earthquakes are random and unpredictable phenomena.
However, modern advances in seismology prove that this perceived random and unpredictable behavior is not really the case in a number of important aspects (Kossobokov, 2021).
Nowadays, the location of earthquake-prone sites is accurately mapped (Figure 3) due to rather accurate hypocenter determinations, along with estimates of their source size. The “seismic effects” of earthquakes that are needed for a Seismic Hazard Assessment (SHA) can be characterized from both physically felt and observed effects (Macroseismic Intensity), and also from instrumentally recorded earthquake records: a) seismograms and b) records of the actual ground shaking characterizing acceleration, velocity, and displacement — see chapters in Encyclopedia of Solid Earth Geophysics (Gupta, 2020).
[image: Figure 3]FIGURE 3 | Locations of earthquake prone sites: Global map showing the numbers of the M ≥ 4 earthquake epicenters within 2.4°×2.0° grid cells during the period 1963–2020.
A detailed historical review of earliest seismological attempts to quantify sizes of earthquake sources through a measure of their energy radiated into seismic waves, which occurred also in connection with the parallel development of the concept of earthquake magnitude, is supplied by Gutenberg and Richter (1949), Panza and Romanelli (2001), and Okal (2019). Figure 4 illustrates the commonly accepted notation of earthquake magnitude classes.
[image: Figure 4]FIGURE 4 | Earthquake magnitude classes.
Ellsworth (1990) offers these important caveats whenever performing a systematic SHA: a) “earthquakes are complex physical processes generated by sudden slip on faults, and as such they can only be grossly characterized by simple concepts”; and b) “Magnitude, as commonly used to compare the sizes of different earthquakes, also represents an extreme simplification (cf Felt Intensity: center of energy; Instrumental Seismometer: point of first rupture) of the earthquake process and by itself cannot fully characterize the size of any event. Traditionally, seismologists have developed a suite of magnitude scales, each with its own purpose and range of validity to measure an earthquake. Because no single magnitude scale can be systematically applied to the entire historical record, a summary magnitude, M, is introduced here to facilitate comparisons between events.”
Many shaking intensity scales have been developed over a few centuries to measure the damaging results from earthquakes, of which the Modified Mercalli Intensity (MMI) is among the most commonly used. This scale, which maps the center of energy release for pre-instrumental records, classifies qualitatively the effects from an earthquake upon the Earth’s surface: ranging from “not felt” (intensity I); to “extreme” (intensity X), when most masonry and frame structures are destroyed with foundations; and finally, to “total destruction” (intensity XII on the MMI scale), when rolling waves are seen on the ground surface and objects are thrown upward into the air. We feel worth mentioning here also that, for the Mercalli Cancani Sieberg (MCS) intensity scale, a doubling of Peak Ground Acceleration (PGA) practically corresponds to one unit increment of Macroseismic Intensity (Cancani, 1904).
Numerous approaches to the determination of an earthquake source size have resulted in a number of quantitative determinations of magnitude M based on instrumental, macro-seismic, and other data (Bormann, 2020). Charles Richter (1935) used the physically dimensionless logarithmic scale (because of the very large differences in displacement amplitude between different sized events) for his definition of magnitude М — that appears naturally appropriate due to apparent hierarchical organization of the lithosphere (which contains mobile blocks ranging from just the size of a grain ∼10−3 m across — on up to scale of tectonic plates ∼106 m). (Keilis-Borok, 1990; Sadovsky, 2004; Ranguelov, 2011; Ranguelov and Ivanov, 2017).
It is not surprising that, for shallow-depth earthquakes, the magnitude M (originally determined by Richter from the ground displacement recorded on a seismogram) is about two-thirds of the MMI intensity at the epicenter I0, thus М = ⅔ I0 + 1 (Gutenberg and Richter, 1956). Accordingly, then, a strong (M = 6.0) shallow earthquake may cause only negligible damage in buildings of good design and construction near the epicenter, but otherwise considerable damage in poorly built or badly designed structures.
Figure 5 illustrates the global magnitude distribution by year for the time period 1963–2020, i.e., after installation of the analog World-Wide Network of Standard Seismograph Stations (WWNSS) https://science.sciencemag.org/content/174/4006/254 (top); and the empirical non-cumulative Gutenberg-Richter plot of N(M) for the entire 58 years of record, with b-value estimated at 0.998 (R2 = 0.977) for the best fit of log10N(M) = a + b × (8 – M) (bottom).
[image: Figure 5]FIGURE 5 | The global non-cumulative magnitude distribution by year in 1963–2020 (A) and the Gutenberg-Richter plot (B).
The coastline of Britain and the seismic locus of earthquake epicenters
The set of earthquake epicenters or, in other words, the seismic locus, has the same fractal properties as the coastline of Britain. Benoit Mandelbrot (1967) notes: “Geographical curves are so involved in their detail that their lengths are often infinite or, rather, undefinable. However, many are statistically ‘self-similar’, meaning that each portion can be considered a reduced-scale image of the whole. Indeed, self-similarity methods are a potent tool in the study of chance phenomena, wherever they appear, from geostatistics to economics and physics. Therefore, scientists ought to consider dimension as a continuous quantity ranging from 0 to infinity.”
Following the pioneering works by Mikhail A. Sadovsky (Sadovsky et al., 1982) and Keiiti Aki (Okubo and Aki, 1987), our understanding of the fractal nature of earthquakes and seismic processes has increasingly grown (Kossobokov, 2020) — along with a concomitantly scientifically revolutionary better understanding and mapping of both the Earth’s interior (Stacey and Davis, 2020), as well as of geophysical aspects of seismic waves propagation (Florsch et al., 1991; Fäh et al., 1993; La Mura et al., 2011; Iturrarán-Viveros and Sánchez-Sesma, 2020).
Naturally, or as might be expected due to hierarchical organization of the lithosphere (referring to the size-related distribution of geographical/seismological phenomena), the number of earthquakes globally, or within a region, is scaled by magnitude, according to the Gutenberg-Richter Frequency-Magnitude (FM) relation (Gutenberg and Richter, 1944; 1954). Globally, and for the time period of 58 years shown in Figure 5 the slope (so called b-value) of the plot is about 1, so that each one unit change in magnitude between M = 5 and M = 9 results in approximately a 10-fold change in the number of earthquakes; there were approximately two hundred M = 7 earthquakes compared to about twenty M = 8 and 20,000 M = 5 earthquakes.
The Gutenberg-Richter relation is a power law and can be written as log10 N = a − bM. As shown in Figure 5, this is also a Pareto distribution, or a distribution with “fat” tails, which serves as a reminder that, in SHA, outliers always do exist as “possibilities” and must therefore be duly recognized and accounted for in seismic hazard [see e.g., Kanamori (2014; 2021)].
Generalized Gutenberg-Richter relationship and unified scaling law for earthquakes
The Gutenberg-Richter relationship just shown above was further generalized by Kossobokov and Mazhkenov (1988, 1994) to the following fractal form:
[image: image]
where: i) N(M,L) is the expected annual number of main shocks of magnitude M within an area of linear size L; ii) the similarity coefficients A and B are similar to the a- and b-values from the classical Gutenberg-Richter law; iii) the newly added similarity coefficient C is the fractal dimension (D per Mandelbrot) of the set of epicenters; and iv) M–and M–are the limits of the magnitude range where this relationship holds. The three frequency-magnitude-spatial coefficients provide an insight into scaling properties of actual seismicity, and therefore they are of specific interest to seismologists working on seismic zonation and risk assessment.
It was shown that C is significantly different from 2, and that it correlates with the geometry of tectonic structures: i) high values of C (∼1.5) correspond to the regions of complex dense patterns of faults of different strikes and high degrees of fracturing, whereas; ii) lower values of C (∼1) are related to regions exhibiting a predominant linear major fault zone (which is consistent with rectifiable curves and straight lines, where D = 1).
Moreover, for example, in the specific case of the Lake Baikal region in the mountainous Russian region of Siberia, north of the Mongolian border (with area of 1,500,000 km2 and C = 1.25), it was demonstrated (Kossobokov and Mazhkenov, 1988; Kossobokov and Mazhkenov, 1994) that: i) the inclusion of aseismic areas leads to underestimation of seismic activity in an area of 1,000 km2 by a factor of 15; and alternatively ii) when a characteristic of seismic activity over 1,000 km2 is computed for a grid 10 km × 10 km, this leads to overestimation by a factor greater than 2.
Earlier, in order to avoid just such seismic activity bias, in a pilot study assessing seismic risk for 76 selected Largest Cities of the World in active seismic regions, Keilis-Borok et al. (1984) compared these two integral estimates: 1) the number of cities with population of one million or more affected in 30 years by strong motion of intensity I ≥ VIII; and 2) the total population in these cities — with the actual aftermaths of these past earthquakes — for reliable “validation of the results” showing specifically that: a) “available data may be sufficient to estimate the seismic risk for a large set of objects, while not for each separate object”; and b) “it indicates, that global seismic risk is rapidly increasing, presenting new unexplored problems.”
The Unified Scaling Law for Earthquakes (USLE), got its name later, when Bak et al. (2002) presented an alternative formulation from that above — making use of the inter-event time between the earthquake occurrences, instead of their annual number. Using the USGS/NEIC Global Hypocenters Data Base, 1964–2001, and a robust box-counting algorithm; Nekrasova and Kossobokov (2002) managed to map the values of A, B, and C in every 1°× 1° box on the Earth marked by record of earthquake occurrence, wherever the catalog of shallow earthquakes of M ≥ 4 permitted a reliable estimation. The results of this global mapping are available at the data repository of the International Seismological Centre (Nekrasova and Kossobokov, 2019).
The distribution of the number of seismic events by magnitudes — the Gutenberg-Richter frequency magnitude relation — is of paramount importance for seismic hazard assessment of a territory. Accordingly, the generalization of the original Gutenberg-Richter relation into the Unified Scaling Law for Earthquakes (USLE) as originally proposed in 1988 makes it possible now to take into account as well the pattern of epicentral distribution of seismic events, whenever changing the spatial scale of the analysis. This is extremely important for adequate downscaling of the frequency-of-occurrence into a smaller target area within any territory under study (e.g., into a megalopolis).
At the time, when Per Bak (Bak et al., 2002) suggested a dual formulation of USLE using the time between seismic events, the Institute of Earthquake Prediction Theory and Mathematical Geophysics of the Russian Academy of Sciences developed a modified algorithm for statistically improved, confident Scaling Coefficients Estimation (referred to as SCE) of the USLE parameters to be used for producing seismic hazard maps of territories prone to seismic effects. An updated brief review, focused on the use of the USLE approach in relation to assessment of seismic hazard and associated risks, is provided in (Nekrasova et al., 2020).
Multi-scale seismicity model
Complementary to USLE is the Multi-scale Seismicity Model (MSM) by Molchan et al. (1997). For a general use of the classical frequency-magnitude relation in seismic risk assessment, they formulated a multi-scale seismicity model that relies on the hypothesis that “only the ensemble of events that are geometrically small, compared with the elements of the seismotectonic regionalization, can be described by a log-linear FM relation.” It follows then that the seismic zonation must be performed at several scales, depending upon the self-similarity conditions of the seismic events and the log-linearity of the frequency-magnitude relation, within the magnitude range of interest. The analysis of worldwide seismicity, using the Global Centroid Moment Tensor (GCMT) Project catalog (where the seismic moment is recorded for the earthquake size) corroborates the idea and observation that a single FM relation is not universally applicable. The MSM of the FM relation has been tested in the Italian region, and MSM is one of the considered appropriate ingredients of NDSHA.
Earthquake catalogs evidence clear patterns that there exists a space-time energy distribution of seismic events because: i) earthquakes do not happen everywhere, but preferentially in tectonically well-developed highly fractured fault zones within the Earth’s lithosphere; ii) earthquake sizes follow the Gutenberg-Richter relationship, which is a surprisingly robust power law (such that, for every magnitude M event, there are ∼10 magnitude M − 1 quakes — within an area that is large enough); iii) earthquakes cluster in time — in particular, seismologists observe: a) surges and swarms of earthquakes; b) seismically driven decreasing cascades of aftershocks; and c) less evident inverse cascade (energy increase), or crescendo of rising activity in foreshocks premonitory to the main shock.
Since earthquake-related observations are generally limited to the recent-most decades (sometimes centuries in just a few rare cases), getting reasonable confidence limits on an objective estimate of the occurrence rate or inter-event times of a strong earthquake within any particular geographic location necessarily requires a geologic span of time that is unfortunately unreachable for instrumental, or even historical seismology [see, e.g., (Ellsworth, 1990; Beauval et al., 2008; Stark, 2017; 2022)]. That is why probability estimates in Probabilistic Seismic Hazard Analysis (PSHA) remain subjective values ranging between 0 and 1, derived from evidently imaginary (but enticingly both analytically and numerically tractable) unrealistic hypothetical models of seismicity.
SEISMIC ROULETTE: NATURE SPINS THE WHEEL!
“Look deep into nature, and then you will understand everything better”.- Albert Einstein
Regretfully, most, if not all, of earthquake prediction claims can be characterized as “invented” windmills, wherein we see the earth “not as it is”, but “as it should be” due to very small, if any, samples of clearly defined evidence! Many prediction claims are hampered at their start from the misuse of Error Diagram and its analogues — ignoring the evident heterogeneity of earthquake distributions in space as well as in time. See e.g. (Bela and Panza, 2021).
A rigorous mathematical formulation of a natural spatial measure of seismicity is given in (Kossobokov et al., 1999). This “Seismic Roulette null-hypothesis” (Kossobokov and Shebalin, 2003) (or the hypothesis that chance alone in a random process is responsible for the results) is a nice analogy for using the simple recipe that accounts for this spatial patternicity (Kossobokov, 2006a) using statistical tools available since Blaise Pascal (1623–1662): 
[image: FX 1]consider a roulette “wheel” with as many sectors as the number of events in the best available catalog of earthquakes, one sector per earthquake epicenter event;
[image: FX 2]make your best bet according to any prediction strategy: determining which events are inside a projected space-time “area of alarm” — and then
[image: FX 3]place one chip upon each of the corresponding sectors.
Nature then spins the “wheel”, before introducing an energized target-seeking earthquake “ball”. If you play seismic roulette systematically, then you win and lose systematically (Figure 6). If you are smart enough, and your predictions are effective, the first will outscore the second.
[image: Figure 6]FIGURE 6 | Seismic Roulette: Nature spins the wheel!
However, if Seismic Roulette is not perfect in confirming your betting strategy (and thus alternatively is nullifying your hypothesis), and still you are smart enough to choose an effective strategy, then your wins will outscore your losses! And after a while . . . you can then use your best wisdom, or even now an “antipodal strategy”, wherein the earthquake “prediction problem” is examined from the standpoint of decision theory and goal optimization per Molchan (2003) — so as to win both systematically and statistically self-similarly in the future bets!
The results of just such a global “betting” test of the prediction algorithms M8 and MSc did confirm such an “imperfection” of Seismic Roulette (Seismic Roulette is not perfet!) in the recurrence of earthquakes in Nature (Ismail-Zadeh and Kossobokov, 2020); but these same results still suggest placing future bets can be useful, if used in a knowledgeable way for the benefit of the populations exposed to seismic hazard. Their accuracy is already enough for undertaking earthquake preparedness measures, which would prevent a considerable part of damage and human loss, although far from the total. And fortunately, the methodology linking prediction with disaster management strategies does already exist (Molchan, 1997).
Pattern recognition of earthquake prone areas
In lieu of local seismic observations long enough for trustworthy and reliable SHA, alternatively one may try using Pattern Recognition of Earthquake-Prone Areas (PREPA) based, however, on the appropriate geological and geophysical data sets that are available. This geomorphological pattern recognition approach (Gelfand et al., 1972; Kossobokov and Soloviev, 2018) is an especially useful preparedness and mitigation tool in seismic regions that have passed validation: i) first, by exhaustive retrospective testing; and then ii) by the decisive confirmation check afforded by actual strong earthquakes that have occurred. Validity of this pattern recognition PREPA methodology has been proven by the overall statistics of strong earthquake occurrences — after numerous publications of pattern recognition results encompassing both many seismic regions and also over many magnitude ranges (see Gorshkov et al., 2003; Gorshkov and Novikova, 2018 and references therein).
Those who can’t model are doomed to reality!
One application of PREPA deserves a special comment. Regional pattern recognition problems solved by Gelfand et al. (1976) treated two different sets of natural recognition objects for the two overlapping regions: i) regularly spaced points along major strike-slip faults in California; and ii) intersections of morphostructural lineaments in California and adjacent territories of Nevada (Figure 7). They then drew from these the qualitative conclusion that areas prone to M ≥ 6.5 are characterized by proximity to the ends (or to intersections) of major faults, in association with both: a) low relief; and b) often also with some kind of downward neotectonic movement expressed in regional topography and geology — with their conclusion further supported by both PREPA classifications: i) points; and ii) intersections — wherein the same five groups of earthquake-prone areas show up in both cases. Slight differences are due to the fact that the study of intersections covers a larger territory. This supports the idea derived from recognition of points — that strong earthquake-prone intersections often associate with neotectonic subsidence on top of a background weak uplift.
[image: Figure 7]FIGURE 7 | Circular 40-km radius outlines of the D-intersections of morphostructural lineaments in California and Nevada and epicenters of magnitude 6.5+ earthquakes before (black stars) and after (red stars with names) publication in 1976 (Gelfand et al., 1976).
As evident from Figure 7, the PREPA termless prediction for California and Nevada has been statistically justified by the subsequent occurrence of 16 out of 17 magnitude 6.5+ earthquakes within a narrow vicinity of the 73 Dangerous D-intersections of morphostructural lineaments (union of yellow circles in Figure 7) determined by Gelfand et al. (1976) as prone to seismic events that large. The target earthquakes included the recent-most 15 May 2020, M6.5 Monte Cristo Range (NV) earthquake and 6 July 2019, M7.1 Ridgecrest (CA) main shock, i.e., the one exceptional near-miss within the study area since 1976. In fact, the first day cascading aftershocks for this event, as well as the entire 2019 Ridgecrest earthquake sequence, extend to the D-intersection. It is also notable that the Puente Hills thrust fault beneath metropolitan Los Angeles coincides exactly (Kossobokov, 2013) with the lineament drawn back in 1976, decades in advance of its “rediscovery” by the 1994 Northridge Earthquake (Shaw and Shearer, 1999).
Finally (and importantly for seismic hazard assessment), PREPA is a readily available hazard-related quantity that can be naturally included in NDSHA, while so far, no comparable way exists to formulate a direct use for it within PSHA — wherein earthquake “possibilities” are instead viewed temporally by Senior Seismic Hazard Analysis Committee (SSHAC, 1997) of the United States Nuclear Regulatory Commission as “annual frequencies of exceedance of earthquake-caused ground motions [that, however] can be attained only with significant uncertainty.” Therefore, ahem . . . those who can’t model are doomed to reality!
SEISMIC HAZARD AND ASSOCIATED RISKS
“At half-past two o'clock of a moonlit morning in March, I was awakened by a tremendous earthquake, and though I had never before enjoyed a storm of this sort, the strange thrilling motion could not be mistaken, and I ran out of my cabin, both glad and frightened, shouting, "A noble earthquake! A noble earthquake!" feeling sure I was going to learn something.”John Muir, The Yosemite, Chapter 4
Ground shaking may be frightening, but it may not necessarily kill people. For example, the earliest reported earthquake in California was on 28 July 1769, and was documented in diaries by the exploring expedition of Gaspar de Portola, enroute from San Diego to chart a land route to Monterey. While camped along the Santa Ana River, about 50 km southeast of Los Angeles, “a sharp earthquake was felt that ‘lasted about half-as-long as an Ave Maria.” Based on descriptions of the quake, it was likely a moderate or strong earthquake. Some described the shaking in expedition diaries as violent, and occurring for over the next several days, suggesting aftershocks. Although the magnitude and epicenter are unclear, by comparing these descriptions with more recent events, the quake may have been similar to the M 6.4 1933 Long Beach or the M 5.9 1987 Whittier Narrows earthquake (https://geologycafe.com/california/pp1515/chapter6.html#history).
The exploring party, personally uninjured and unimpeded in this M 5–6 earthquake event, noted not that the region portended high seismic hazard and landslide risk, but instead benignly rather that it appeared to be a good place for agriculture!
“Earthquakes do not kill people, buildings do!” is a long-time refrain in the world of seismic hazard preparedness and earthquake engineering or do they? While inadequately designed and poorly constructed buildings, infrastructure and lifeline systems can kill people (Gere and Shah, 1984; Bilham, 2009), tsunamis and landslides are directly triggered earthquake phenomena that tragically do kill people, as well!
Therefore, for reliably assessing the hazard and estimating the risk that a population is exposed to, one needs to know the possible distribution of earthquakes large enough to produce a primary damage state. The global map of the maximal magnitude (Mmax) observed during the last 57 years, as portrayed within 2.4° × 2.0° grid cells (Figure 8) could be used for this purpose, as a very rough approximation.
[image: Figure 8]FIGURE 8 | The global map of the reported maximal magnitude, Mmax, in 1963–2020.
Earthquake vulnerability, intensity and disaster
An earthquake of about M ∼ 5 (Intensity VI on the MMI scale), may cause slight damage (if any) to an ordinary structure located nearby the epicenter; and therefore, cannot produce any significant loss. On the other hand, a strong earthquake (M 6.0–M 6.9) may result in a real disaster — as has happened on several occasions in the past. See e.g., the M 6.3 L’Aquila Earthquake of 6 April 2009 (Alexander, 2010).
For example, the 21 July 2003, M 6.0 Yunnan (China) earthquake and induced landslides: i) destroyed 264,878 buildings; ii) damaged 1,186,000 houses; iii) killed at least 16 people; and iv) injured 584. Moreover, v) a power station was damaged; vi) roads were blocked; and vii) 1,508 livestock were killed in the province. The resulting damage due to direct and indirect losses (consequences) of this earthquake was estimated at ∼ 75 million United States dollars. So, this is a rare case when a shallow M 6 earthquake (one at the fringe of the smallest threshold of potentially hazardous earthquakes) occurred at both a location and also at 23:16 local time that together unfortunately combined maximum Vulnerability × Exposure of the province (i.e., slopes prone to failure; buildings, houses, etc., that could not withstand the shaking; dense population at home; and livestock still sheltered in their facilities).
Half of a clock face on Modenesi’s Towers of Finale Emilia, Ferrara, Italy (Figure 9) — destroyed following an earthquake and aftershocks May 20–29, 2012. Felt Intensities exceeded VII, as depicted on the clock face after the main shock. It was the first strong earthquake “anywhere nearby” since the Ferrara quake of 1570. The relatively small number in only 7 fatalities, when a strong and unusually shallow M 6 earthquake struck the Emilia Romagna region of northern Italy, is connected with the event’s occurrence time at just after 4 a.m. — fortuitously very early on that Sunday morning 20 May 2012 — on account of the fact that “the affected region is home to countless historic churches, castles, and towers — many of which were damaged or toppled.” With so many vulnerable churches collapsed or severely damaged, an origin time in the late morning might have easily claimed hundreds of victims from worshipers participating in religious ceremonies (Panza et al., 2014).
[image: Figure 9]FIGURE 9 | Time and earthquake wait for no man.
The world’s deadliest earthquakes since 2000
Table 1 lists all eighteen of the World’s deadliest earthquakes since the year 2000 — where the number of fatalities in each case exceeded one thousand. Remembering the earlier comment by Ellsworth (1990), i.e., that “earthquakes are complex physical processes generated by sudden slip on faults, and as such they can only be grossly characterized by simple concepts.” — we note that the magnitude of any one of these disastrous events has a poor correlation with the loss of lives: i) the two deadliest earthquakes, namely, the M 9.0 Indian Ocean disaster of 2004, and the M 7.3 Haiti earthquake of 2010, differ in seismic energy by a factor >350 — but resulted in roughly the same death tolls of above 200,000 people; while ii) the death toll of a later occurring M 9.1 mega-thrust earthquake and tsunami off the coast of Tōhoku (Japan) in 2011 was 2 times lower than that for the strong crustal earthquake of only M 6.6 in Bam (Iran). See also (Bela, 2014) and references therein.
TABLE 1 | Top deadliest earthquakes since 2000 of at least 1,000+ fatalities including victims of tsunami and other associated effects.
[image: Table 1]There is one single case showing a negative value ΔI0 that refers to the smallest of these 18 deadliest earthquakes: the M 6.1 earthquake that struck Hindu Kush (Afghanistan) on 25 March 2002 causing 1,000 + fatalities. A larger M 7.4 deep earthquake (at 200 + km depth) and at distance greater than 150 km, occurred within less than a month on 03.03.2002, causing at least 150 fatalities. The last column in Table 1 shows the difference ΔI0 between the real Macroseismic Intensity I0 EVENT and that predicted by the GSHAP Map I0 GSHAP. These computed ΔI0 = I0 EVENT − I0 GSHAP values are (in all but one case) positive — with their median value of 2.
Seismic hazard mapping
An accurate characterization of seismic hazard at local scale requires use of detailed geologic maps of both active faults and past earthquake epicenter determinations. The typical seismic hazard assessment undertaken strives to provide a preventive determination of the ground motion characteristics that may be associated with future earthquakes — at regional, local, and even urban scales (Panza et al., 2013).
The first scientific seismic hazard assessment maps were deterministic in scope, and they were based on the observations that primary damage: i) decreases generally with the distance away from the earthquake source; and ii) is often correlated with the physical properties of underlying soils at a particular site, e.g., rock and gravel. In the 1970s, after publication of Engineering Seismic Risk Analysis by Alin Cornell (1968), the development of probabilistic seismic hazard maps became first fashionable, then preferred, and finally “required” — so that in the 1990s the probabilistic mapping of seismic hazard came to prevail over the heretofore deterministic cartography. For a chronologic history (and a Bibliographic Journey of that history), see in particular (Nishioka and Mualchin, 1996; 1997; Hanks, 1997; Bommer and Abrahamson, 2006; McGuire, 2008; Mualchin, 2011; Panza and Bela, 2020, especially Supplementary Material therein).
Global Seismic Hazard Assessment Program (GSHAP) 1992–1999
In particular, a widespread application of PSHA began when the Global Seismic Hazard Assessment Program (GSHAP) was launched three decades ago in 1992 by the International Lithosphere Program (ILP) with the support of the International Council of Scientific Unions (ICSU), and also endorsed as a demonstration program within the framework of the United Nations International Decade for Natural Disaster Reduction (UN/IDNDR). The GSHAP project terminated in 1999 (Giardini, 1999) with publication of the final GSHAP Global Seismic Hazard Map (Giardini et al., 1999).
However, following a number of publications critical of the PSHA technoscience paradigm, e.g., (Krinitzsky, 1993a; Krinitzsky, 1993b; Krinitzsky, 1995; Castanos and Lomnitz, 2002; Klügel, 2007; see also Udias, 2002), and pivotably the catastrophic 2010 Haiti earthquake, a systematic comparison of the GSHAP peak ground acceleration (PGA) estimates with those related to the actual earthquakes that had occurred disclosed gross inadequacy of this “probabilistic” product (Kossobokov, 2010a). The discrepancy between: a) the PGA on the GSHAP map; and b) accelerations at epicenters of 1,320 strong (M ≥ 6.0) earthquakes that happened after publication of the 1999 Map appeared to be a disservice to seismic zonation and associated building codes adopted in many countries on both national or regional scale (see Bommer and Abrahamson, 2006 and references therein). For fully half of these earthquakes, the PGA values on the map were surpassed by 1.7 m/s2 (0.2 g) or more within just 10 years of publication, which fact (of exceeding more than 50% of the PSHA hazard map values within just 10 years) evidently contradicts the GSHAP predicted “10% chance of exceedance in 50 years” — for the ground motion contours displayed on the map.
These problematic GSHAP results were naturally reported to a wide geophysical community at the Euroscience Open Forum (ESOF 2010) session on “Disaster prediction and management: Breaking a seismo-ill-logical circulus vitiosus”, and also at the Union sessions of the Meeting of the Americas and the American Geophysical Union (AGU) 2010 Fall Meeting (Kossobokov, 2010b; Kossobokov, 2010c; Kossobokov and Nekrasova, 2010; Soloviev and Kossobokov, 2010); and later at the EGI Community Forum (EGICF12) by Peresan et al. (2012a). Then, with finally the 11 March 2011, Mw 9.0 Tōhoku mega-earthquake and tsunami disaster, it became absolutely clear that the GSHAP Probabilistic Seismic Hazard Analysis—despite parascientific apologetics of its “legacy” advocated by Danciu and Giardini (2015) — is UNACCEPTABLE FOR ANY KIND OF RESPONSIBLE SEISMIC RISK EVALUATION AND KNOWLEDGEABLE DISASTER PREVENTION (Kossobokov and Nekrasova, 2012). See, e.g., (Wyss et al., 2012; Mulargia et al., 2017).
Unsurprising surprises
While, “like Sumatra in 2004, the power of the Tōhoku earthquake in 2011 took us by surprise (Wang, 2012)”, and made us question: “After decades of scientific research, how well or how badly are we doing in understanding subduction earthquakes?” ... In retrospect, the Tōhoku earthquake and its tsunami were consistent with what we had learned from comparative studies of different subduction zones–and therefore, “despite its wrenching pain”, the cascading 2011 Tōhoku Mw 9.0 Megathrust Earthquake — Tsunami — Fukushima Disaster (from both an earth and tsunami science perspective) was an “Unsurprising Surprise!”
The last column in Table 1 shows the difference ΔI0 between the real Macroseismic Intensity I0 EVENT and that predicted by GSHAP I0 GSHAP, which values are all (but one case) positive with average and median values of about 2! The same holds as well for all M ≥ 7.5 earthquakes, including the most recent 6 February 2023 coupled earthquakes in Turkey. This underestimation by two units on MMI scale can mean an event experience of “severe damage in substantial buildings with partial collapse” instead of a GSHAP forecast “highly likely” intensity of “slight damage to an ordinary structure.”
Moreover, it should be noted that, in common sense, such a poor performance of the GSHAP product could have already been found at the time of its 1999 publication, and this should have been done by the contributors to the Program as the first order validation test of the GSHAP final map! The claim of a 10% chance of exceedance in 50 years is violated already in 1990–1999 for more than 40% of 2,200 strong M ≥ 6.0, for 94% of 242 significant M ≥ 7.0, and 100% for major M ≥ 7.5 earthquakes (Kossobokov and Nekrasova, 2012)! Note also that GSHAP directly overlapped the time when it was openly realized and discussed by the earthquake engineering community that “10% probability of exceedance in 50 years was too risky for a life-safety criterion” in the United States Building Codes (Frankel et al., 1996) — because earthquake-resistant design standards, when scaled to 10% in 50 years hazard curve ground motions, were insufficient protection when damaging major and great earthquakes did inevitably occur!
Synthetic seismograms: Increasing the reliability of seismic hazard assessment
On the other hand, with our current knowledge of the physical processes of both earthquake generation and seismic wave propagation in anelastic attenuating media, we can increase the reliability of seismic hazard assessments by basing them instead on computation of synthetic seismograms — in terms of a more realistic modeling of ground motion (see e.g., Panza, 1985; Fäh et al., 1993; Panza et al., 1996; Panza et al., 2001; Panza and Romanelli, 2001; Paskaleva et al., 2007; Peresan et al., 2012b).
NDSHA, which is immediately falsifiable by the occurrence of a damaging event with magnitude exceeding the predicted threshold, has so far been validated in all regions where hazard maps prepared under its methodology have existed at the time of later strong or larger occurring earthquakes. PSHA, by providing a minimum ground motion that has a commonly 10% or 2% chance of exceedance in 50 years in its hazard model, is therefore not falsifiable at the occurrence of any single event that far exceeds this minimum ground motion value, as shown in Table 1.
Furthermore, such ambiguity (authoritatively calculated and endorsed) also provides a legal shield against both “unsurprising surprises”, as well as any responsibilities for ensuring satisfactory outcomes to civil populations for any such presumed unlikely and rare events–on the part of administrators, politicians, engineers and even scientists (e.g., “the L’Aquila Trial,” as previously mentioned).
Finally, there are existing algorithms for the diagnosis of “times of increased probability” (TIP) that have also been proven reliable in the long-lasting and on-going earthquake prediction experiment that began in 1985 (Kossobokov et al., 1999; Kossobokov and Shebalin, 2003; Kossobokov, 2013) and these can deliver an intermediate-term Time and middle-range Space component to the newer Neo-Deterministic NDSHA approach in a more targeted public-safety centered evaluation of seismic hazard (Peresan et al., 2011; Peresan et al., 2012a). In some cases, additional geophysical observations can further help in reducing the spatial uncertainty to the narrow-range about tens of kilometers, e.g., (Crespi et al., 2020).
Advanced seismic hazard assessment
The results by Wyss et al. (2012) regarding “Errors in expected human losses due to incorrect seismic hazard estimates” are well in line with the two Topical Volumes Advanced Seismic Hazard Assessment edited by Panza et al. (2011), which supply multifaceted information on the modern tools for Seismic Hazard Assessment (SHA).
The contributors to these special issues make clear the significant differences between hazard, risk, hazard mitigation, and risk reduction (Klügel, 2011; Peresan et al., 2011; Wang, 2011; Zuccolo et al., 2011), which are of paramount importance as the critical arguments toward revising fundamentally our present existing hazard maps, risk estimates, and engineering practices.
All ideas have consequences. Therefore, any Standard Method must be Reliable in the first place! That is, it must be: a) good; b) right; and c) true! It must consider: i) the fragility of the local built environment; ii) soil conditions; and iii) furnish now far more informative risk/resiliency assessments of cities and metropolitan territories (Paskaleva et al., 2007; Trendafiloski et al., 2009). The consequences of the Maximum Credible Earthquake (MCE) should be the criteria for Reliable Seismic Hazard Assessment (RSHA), because “what can happen” is a more important consideration than “what gets approved” based on a hazard model (see again Kanamori, 2014, 2021). Incidentally, we note that MCE as practiced in NDSHA (per Rugarli et al., 2019) supplies for Japan an enveloping magnitude M 9.3.
Backward into the future!
In spite of both: i) the numerous evidenced shortcomings of PSHA (see Stein et al., 2012; Wyss and Rosset, 2013 for a comprehensive discussion); and ii) its unreliable and poor performances — PSHA (emboldened now by 50 years of dangerous “sincere ignorance and conscientious stupidity”) is still widely applied at regional and global scale “to continue the vision of a global seismic hazard model” (Danciu and Giardini, 2015; Gerstenberger et al., 2020; Meletti et al., 2021). Regretfully, the Global Earthquake Model project (GEM, http://www.globalquakemodel.org/) is evidently still on the preferred “circulus vitiosus” — a situation in which the solution to a problem creates another problem. Recently, the GEM Foundation released Global Seismic Hazard Map (version 2018.1) that depicts the geographic distribution of the PGA “with a 10% probability of being exceeded in 50 years” and makes the same fatal errors of the GSHAP 1999 PSHA map — see also “Development of a global seismic risk model” (Silva et al., 2020).
In the recent AGU Reviews in Geophysics article, entitled “Probabilistic Seismic Hazard Analysis at Regional and National Scales: State of the Art and Future Challenges,” Gerstenberger et al. (2020): i) keep advocating the evident misuse of statistics by attributing any exposure of the fundamental flaws of PSHA (e.g., Castanos and Lomnitz, 2002; Klügel, 2007; Mulargia et al., 2017; Stark, 2017, 2022; Panza and Bela, 2020, etc.) to “subjective experts’ judgment”; and ii) keep ignoring both — a) the systematic failures-to-predict the magnitude of exceedance (Kossobokov and Nekrasova, 2012; Wyss et al., 2012; Wyss and Rosset, 2013; Wyss, 2015); as well as b) the already two-decades-long existing and much more reliable alternative of the neodeterministic approach (Panza et al., 2012; Panza et al., 2014; Kossobokov et al., 2015a; Nekrasova et al., 2015a; Kossobokov et al., 2015b).
The PSHA’s “State of the Art and Future Challenges” (which more correctly should have been alternatively released under the technoscience warning label “Reviews in Risk Modeling for Hazards and Disasters”, rather than a true scientific oriented “Reviews in Geophysics”) purposely “sincerely” missed referencing “NDSHA: A new paradigm for reliable seismic hazard assessment” (Panza and Bela, 2020), published online already about 2 months prior to the Gerstenberger et al. (2020) acceptance date (10 January 2020) and ignored as well Advanced Seismic Hazard Assessment, which was published in Pure and Applied Geophysics already 9 years prior (Panza et al., 2011).
Furthermore, Jordan et al. (2014) have referenced (Peresan et al., 2012a), which reference fully reveals the qualities, attributes, and applicability of NDSHA to “Operational earthquake forecast/prediction” with direct attention called in the Abstract to the “very unsatisfactory global performance of Probabilistic Seismic Hazard Assessment at the occurrence of most of the recent destructive earthquakes.” Peresan et al. (2012a, p. 135) also discuss in detail the “Existing operational practice in Italy,” which has been “following an integrated neo-deterministic approach” since 2005.
Supplementary Material in (Panza and Bela, 2020): Bibliographic Journey To A New Paradigm, provides detailed references in their chronologically developing order, so that one can see PSHA and NDSHA publications side-by-side over now more than two decades — as NDSHA effectively “built a new model that made the existing model obsolete!” Finally, one of just a few references critical of PSHA that were surprisingly included by Gerstenberger et al. (2020) did manage to state with absolute clarity: “Reliance on PSHA for decisions that affect public safety should cease” (Wyss and Rosset, 2013)!
Seismic Roulette is a game of chance
Seismic Roulette is a game of chance! It is true that we gamble against our will, but that does not make it any less of a game! Disastrous earthquakes are low-probability events locally; however, in any of the earthquake-prone areas worldwide, they reoccur as “unsurprising surprises” with certainty, i.e., with 100% probability sooner or later! Should we then synchronize our watches and historic clock towers. And then wait for another decade, while “Nature spins the wheel”, to find out that GEM is as wrong as GSHAP?
The Neo-Deterministic Seismic Hazard Assessment (NDSHA) methodology (Fäh et al., 1993; Panza et al., 2012; Peresan et al., 2012a; Bela and Panza, 2021; Panza and Bela, 2020 and references therein) has demonstrated its abilities to serve as the Standard Method for Reliable Seismic Hazard Assessment (RSHA). NDSHA, proposed some 20 years ago (Panza et al., 1996; Panza and Romanelli, 2001), has proven to both reliably and realistically simulate comprehensive sets of hazardous earthquake ground motions throughout many regions worldwide. NDSHA, in making use of: i) our present-day comprehensive physical knowledge of seismic source structures and processes; ii) the propagation of earthquake waves in heterogeneous anelastic media; and iii) site conditions — effectively accounts for the complex, essentially tensor nature of earthquake ground motions in the affected area. Therefore, NDSHA applications provide realistic synthetic time series of ground shaking at a given place, when the best available distribution of the potential earthquake sources can be used for scenario modelling.
Conservative estimates of the maximum credible seismic hazard are obtained when they are based on the actual empirical distribution of earthquake characteristics — supplemented further with i) the existing geologic, tectonic, macro- and paleo-seismic evidence, ii) the results of PREPA, and iii) the implications of USLE, accounting for the local fractal structure of the lithosphere. In fact, USLE allows for a comparison between PSHA and NDSHA by providing reliable estimates of PGA values associated with model earthquakes of maximal expected magnitude within 50 years (Nekrasova et al., 2014; Parvez et al., 2014; Nekrasova et al., 2015a; Nekrasova et al., 2015b; Kossobokov et al., 2020), it has been comparatively demonstrated that the NDSHA maps that use such estimates outscore GSHAP generated PSHA maps in identifying correctly the sites of moderate, strong, and significant earthquakes.
Specifically, the number of unacceptable errors (when PGA on a hazard map at the epicenter of a real earthquake is less, by factor 2 or greater, than PGA attributed to this earthquake) is several times larger for the GSHAP map than for the NDSHA — USLE derived map (e.g., PGA is 11.4, 1.7, and 2.5 times larger for strong earthquakes in Himalayas and surroundings, Lake Baikal region, and Central China, respectively, than on the GSHAP PGA hazard map). This cannot be attributed solely to the difference of the empirical probability distributions of the model PGA values within a region, although evidently the USLE model favors larger estimates in the Baikal and Central China regions. Note that at the regional scale of investigation, the GSHAP estimates of seismic hazard can be grossly underestimated in the areas of sparse explorations of seismically active faults, such as those to the east of the upper segment of the Baikal rift zone.
EARTHQUAKE PREDICTION
“Science has not yet mastered prophecy. We predict too much for the next year and yet far too little for the next ten.”Neil Armstrong(Speech to a joint session of Congress, 16 September 1969)
The terms “Earthquake Forecast/Prediction” described in this section are focused primarily on Operational Earthquake Forecasting (OEF) and mean: i) first specifying the time, place, and energy (as a rule in terms of magnitude) of an anticipated seismic event with sufficient accuracy/precision to then ii) provide authoritative warning to those responsible for the undertaking of civil preparedness actions intended to: a) reduce loss-of-life and damage to property; and b) mitigate disruption to life lines and social fabric (i.e., harden community resilience).
Some distinguish forecasting as prediction supplemented with probability of occurrence (Allen, 1976; NEPEC, 2016). In common everyday language, however, “forecast” and “prediction” are synonymous to the public when they are referring to earthquake phenomena — at least from a practical awareness and actionable viewpoint. Note, however, that estimates of earthquake probability or likelihood are the result of one’s usually subjective deterministic choice of probability model — which might mislead personal belief away from the actual phenomena under study (Gelfand, 1991).
In J.R.R. Tolkien’s fantasy adventure “The Hobbit: An Unexpected Journey” — the “necessity of identifying risk in any thorough plans in life” is underscored in making reference to the actual phenomenon: “It does not do to leave a live dragon out of your calculations, if you live near him.”
Therefore, earthquake forecast/prediction is neither an easy nor a straight-forward task (but rather an unexpected journey) and therefore implies both an informed as well as a delicate application of statistics (Vere-Jones, 2001). Whenever the problems are very broad, as they particularly are here in the earthquake realm of geophysics and the earth sciences — it is always very important to distinguish the facts from the assumptions, so that one can fully understand the limitations of the assumptions, as a scientific safeguard against committing the equivalent of geophysical malpractice (see P.B. Stark’s “Thoughts on applied statistics” at https://www.stat.berkeley.edu/users/stark/other.htm).
Regretfully, in many cases of Seismic Hazard Assessment (SHA): from i) time-independent (term-less); to ii) time-dependent probabilistic (PSHA); from iii) deterministic (DSHA, NDSHA); to also iv) Short-term Earthquake Forecasting (StEF) — since the claims of a high potential success of the prediction method are based on a flawed application of statistics, they are therefore hardly suitable for communication to responsible decision makers.
Making SHA claims (either time-independent or time-dependent) quantitatively probabilistic in the “frames” of the most popular objectivists’ viewpoint on probability (i.e., objective chance) — requires a long series of “yes/no” trials, which however cannot actually be obtained without an extended and rigorous testing of the method predictions against real (live) observations. Moreover, as pointed out by Stark (2017), (2022), the distinction between ‘random’, ‘haphazard’, and ‘unpredictable’ is crucial for scientific inference and applications in practice (see, e.g., Chipangura et al., 2019).
Predicting the unpredictable
By the 1980s, the lithosphere of the Earth was recognized as a complex hierarchically self-organized non-linear dissipative system, with critical phase transitions manifested through larger earthquakes (Keilis-Borok, 1990) (see also more recent Wang et al., 2018; Bedford et al., 2020). Mathematically, the characteristics of such haphazard, apparently chaotic systems are nevertheless predictable up to a certain limit, and after substantial averaging (e.g., as in the abovementioned Keilis-Borok et al., 1984). Therefore, a “success” in forecasting disastrous earthquakes necessarily implies a successive step-by-step determination that narrows down the time interval, location area, and magnitude range of any incipient earthquake.
So far, none of the proposed short-term precursory signals have shown sufficient evidence to be used as a reliable precursor ahead of large impending earthquakes (Wyss, 1991; Wyss, 1997; Sornette et al., 2021). For example, when testing the West Pacific short-term forecast of earthquakes with magnitude MwHRV ≥5.8 of Jackson and Kagan (1999) against the catalog of earthquakes in the period from 10 April 2002 through 13 September 2004, the conclusion was drawn by Kossobokov (2006b) that the underlying method could be used for prediction of aftershocks, while it however does not outscore Seismic Roulette random guessing — when main shocks are considered. Note that the attribute “short-term” in (Jackson and Kagan, 1999) appears rather misleading, because even for reasonably small values of an alerted space-time volume, some places can remain at “short-term” alert for years.
Short-Term Earthquake Probability (STEP)
The unfortunately poor performance of another Short-Term Earthquake Probability (STEP) model (based on earthquake clustering) by Gerstenberger et al. (2005) could have been anticipated before making operational the United States Geological Survey web site service, as well as the solicited publication announcement in Nature; Kossobokov (2005); Kossobokov (2006a), based on the 15 years of seismic record statistics provided in “Real-time forecasts of tomorrow’s earthquakes in California” by Gerstenberger et al., presented a “half-page proof” that suggests rejecting with confidence above 97% “the generic California clustering model” used in calculation of forecasts of expected ground shaking for tomorrow. The poor performance of STEP was eventually later further confirmed by Kossobokov (2008), because: in 1,060 days operation of the real-time forecasting, the five earthquakes of MMI ≥ VI in California occurred alternatively in the areas of the web-site’s lowest-risk (about 1/10,000 or less), while the extent of the observed areas of intensity VI for these events (about 100 cells in total) is by far less than the model expected value (about 850 cells). “A website, showing daily ground-shaking probabilities in California, was subsequently removed because of coding problems” (Cartlidge, 2014).
Accuracy of short-term earthquake forecast/prediction tools
Recently Zhang et al. (2021) apply the Error Diagram (Molchan, 1997; Molchan, 2003), weighted by an analogue of Seismic Roulette, to conclude that the correspondence between earthquakes and thermal infrared (TIR) anomalies, widely observed in decades of satellite imagery, is proven “absent” — because the claims for such are based on a uniform distribution of epicenters that they judge to be inadequate for an appropriate measure of the alarm [see also: Preface; Editors’ Introduction discussion on “Statistical Models and Causal Inference” in (Collier et al., 2010)].
In their reviews of the state of knowledge in the field of earthquake forecast/prediction — neither Jordan et al. (2011), nor Sornette et al. (2021) found any reliable methods for a short-term Operational Earthquake Forecasting (OEF) — but acknowledge that the deterministic pattern recognition approach is reliably efficient at: i) intermediate-term time scale of a few years; and ii) middle-range distance encompassing areas of a few target earthquake-source dimensions in diameter (see also Kossobokov, 2006a; Kossobokov, 2014; Ismail-Zadeh and Kossobokov, 2020; Kossobokov and Shchepalina, 2020).
For three decades the deterministic earthquake prediction algorithms have made use of clustering in seismic sequences, observable at different magnitude-space-time scales. For example, the M8 Algorithm (Keilis Borok and Kossobokov, 1990; Healy et al., 1992; Ismail-Zadeh and Kossobokov, 2020) diagnoses the “Time of Increased Probability” (TIP) from a multi-parametric analysis of a local system of blocks-and-faults in the traditional “phase space” of rate and rate differential — supplemented with earthquake-specific measures of earthquake source concentration and clustering. However, the M8 algorithm does not provide probability value, but rather a pattern of its increase above the level sufficient for efficient prediction of target earthquakes.
After these many decades of rigid real time testing of both the validity and reliability of Global M8 predictions (Ismail-Zadeh and Kossobokov, 2020; Kossobokov and Shchepalina, 2020) and Regional CN algorithm predictions for Italy (Peresan et al., 2005) have been confirmed with a high statistical confidence (Peresan, 2018; Kossobokov, 2021).
Therefore, the accuracy of these forecasting/prediction tools is sufficiently proven for efficiently undertaking precautionary civil earthquake preparedness measures. The theoretical framework for optimization of disaster preparedness measures, undertaken in response to reliable earthquake forecast/prediction, was developed under supervision of Leonid V. Kantorovich, the 1975 Nobel Laureate in Economic Sciences (Kantorovich et al., 1974; Kantorovich and Keilis-Borok, 1991).
Davis et al. (2012) have shown further that prudent and cost-effective actions can be wisely undertaken, if the prediction certainty is known but not necessarily high. For example, the huge losses from the 6 Fukushima Nuclear Power Plants were on the order $100 billion, while the preventive costs of raising tsunami wall height, plus that of protective housing for generators to resist the potential flooding, were only about $10 million. As an epilogue (reminiscent of “the L’Aquila Trial”), in 2020 (https://www.theguardian.com/environment/fukushima) a “Japanese court found the government and TEPCO, the operator of the wrecked Fukushima nuclear plants, negligent for failing to take measures to prevent the 2011 nuclear disaster, and ordered them to pay 1 bn yen ($9.5 million) in damages to thousands of residents for their lost livelihoods.” Therefore, taking these preventative actions, as detailed by Davis et al. (2012), in response to the intermediate-term (Time) and middle-range (Space) prediction that was communicated to Japanese authorities in mid-2001 would have been cost-effective for the Fukushima nuclear power plants, even if the prediction had had a whopping 99.99% chance of being false alarm!
Therefore, is a “Likely Impossibility” (or leaving a live dragon out of your calculations), a safe bet on which to place chips in Seismic Roulette 00? a) “In court, the government argued it was impossible to predict the tsunami or prevent the subsequent disaster”; and b) “The court said that the government could have taken measures to protect the site, based on expert assessments available in 2002 that indicated the possibility of a tsunami of more than 15 m.”
Operational earthquake forecasting
In the Realm of Operational Earthquake Forecasting (OEF), which is “the dissemination of authoritative information about time-dependent earthquake probabilities to help communities prepare for potentially destructive earthquakes” (Jordan et al., 2014), within the broader OEF scheme shown in Figure 10, we believe one should try to use all reliable Geophysical Information, including but not limited to: i) Earthquakes; ii) GPS; iii) Gravity; iv) Electro-magnetic; and v) Geochemical input that might be relevant to origination of damaging ground shaking.
[image: Figure 10]FIGURE 10 | Operational Earthquake Forecasting scheme.
This would allow for a true multi-disciplinary forecast/prediction so much needed in practice. Forecasting Information must be reliable, tested, and confirmed by evidence (Allen, 1976; Kossobokov et al., 2015b), such that the heretofore probabilistic-centered models (which have been focused primarily on “expert opinion” and weighting of different subjective “models of seismicity”) defer now rather to a more collaborative practice of “expert judgement”, which is incorporating all of the above forecasting requirements, and as is more simply illustrated in Figure 11. Ideally, good judgement comes from experience; and not from bad judgement and failed policy disasters, such as experienced at L’Aquila and Fukushima!
[image: Figure 11]FIGURE 11 | The technical NDSHA warning process. Source courtesy of David Alexander.
Seismology and computer science alone are not enough for a successful collaboration aimed at effective forecasting of larger earthquakes. OEF could be either deterministic, probabilistic, or a combination of both in interaction with user needs within the Realm of Risk Analysis and Mitigation. Naturally, the scheme applies as well to other natural hazards and can be further generalized. Note however, that ‘operational’ (in everyday language) means ‘ready to work correctly’; hence, it is obvious that SHA belongs to the OEF Realm as, we believe, the most important part of the OEF user interface shown in Figures 10, 11. See (Peresan et al., 2005; Peresan, 2018) for ‘operational’ forecast/prediction practices in Italy since 2005 and also (Crespi et al., 2020) for a recent example.
Practitioners are positive that any reliable forecasting information can be i) effective, ii) complementary to design and construction of seismically resistant buildings and infrastructure, and iii) well appreciated by the population as a timely precautionary reminder and timely warning (Mileti and Fitzpatrick, 1992; Kossobokov et al., 2015b). Obviously, the spectrum of doable low-key preparedness options increases in the case of longer rather than short-term warnings. Theoretically speaking, while decision-makers should be aware of the full broad spectrum of possible actions, following general strategies of response to predictions by escalation or de-escalation of safety measures (depending on expected losses and magnitude-space-time accuracy of reliable forecasting), lives can only be saved (and more legal trials avoided) if buildings and infrastructures can withstand the shaking!
Earthquake preparedness should not fluctuate on daily or weekly basis
Therefore, per Wang and Rogers (2014), “Earthquake Preparedness Should Not Fluctuate on a Daily or Weekly Basis” from both public safety, as well as effective public messaging concerns. They say “although fully appreciating the noble intention of OEF and the scientific merits of the seismicity analyses it employs, we are concerned that its wide promotion may lead the public to believe that earthquake preparedness can fluctuate at timescales of days or weeks,” and we “question the claim that it should and can be made operational,” because:
(1) Where OEF is based largely on clustering or potential foreshock sequences, it is not reliable, as the “majority of damaging earthquakes are not preceded by anomalous foreshocks.”
(2) “The most objective measure of the usefulness of a short-term forecast is whether it can guide pre-seismic evacuation of unsafe buildings.”
(3) But providing probability forecasts in percentages from very low to even 20% or 40% (and with authoritative uncertainties) may not mean much to a public that only dichotomizes Risk: Yes or No! (like “Shall I carry an umbrella today, or not?”).
(4) “Crying earthquake is a potent way of blunting earthquake awareness and preparedness,” as well as disrupting the economy.
Since the most sensible and reliable way to mitigate the hazard posed by unsafe and killer buildings requires that the public, the government, and society “make every effort to retrofit or replace an unsafe building to comply with earthquake resistance provisions,” while this is not simple, Wang and Rogers believe the scientific community should first and foremost help society to deal with these challenges, and not just champion short-term alternatives focusing on evacuations (i.e., “the practice of continual updating and dissemination of physics-based short-term (days) probabilities for the occurrence of damaging earthquakes”) to that specific evacuation end.
Reflecting on the damage and fatalities in L’Aquila, they note that the relevant questions to ask regarding reliable mitigation strategies are:
Why did those buildings collapse? What could have been done better in designing and implementing building codes? How should retrofitting regulations and practices be improved to reduce the vulnerability of old buildings? How can the methods of developing seismic-hazard models be further improved?
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
During this type of crisis, the scientific community should step up to guide public and government attention to the relevant questions asked above. It is our concern that their attention was guided farther away from these questions by the report of the International Commission on Earthquake Forecasting for Civil Protection (Jordan et al., 2011), which, in our view, incorrectly concludes that the L’Aquila incident demonstrated the need for OEF.
“Society’s best strategy against the consequence of earthquakes,” they say, “is to focus on making the built environment earthquake resistant.” Naturally, when then Nature does spin the wheel, you can bet on that!
Earthquake prediction in practice: Success and failure
As an example, the success in predicting in practice the devastating 1975 Haicheng earthquake (Zhang-li et al., 1984) remains the sole case of successful OEF decision-making interaction between scientists and administrators. A “lucky” intermediate-term (Time) guess: i) readied the province for an incipient large earthquake; ii) was followed by an escalation of civil preparedness from low-key actions at low-level alert to short-term monitoring of multidisciplinary observations; and iii) ultimately culminated with “red alert” status! — and evacuation of the city of Haicheng was ordered by Chinese officials early in the morning of February 4th — thereby saving most of approximately one million residents from consequences of the devastating M 7.5 shock that hit the area in the evening hours. Although 1,328 people nevertheless died, over 27,000 were injured, and thousands of buildings collapsed, the number of fatalities is just about 1% of the estimate, if the evacuation had not taken place.
In deadly contrast, the M 7.8 Great Tangshan Earthquake of 28 July 1976 was sadly “the greatest earthquake disaster in the history of the world”, and occurred with no warning (Huixian et al., 2002). It was generated by a fault running directly through the middle of the city, which is located in the extreme NE region of China abutting the iconic (and fractal) Bohai Bay indentation of the Chinese coastline. “Although the building code had seismic design requirements, Tangshan was in a zone requiring no earthquake design.” Therefore “red alert” timely evacuation would have been the one-and-only successful action for OEF!
Notably: i) 85% of the buildings in Tangshan either collapsed or were “so seriously damaged as to be unusable; ” ii) infrastructure and agriculture were also seriously damaged as well; iii) the shock hit around 4:00 a.m. when the population was mostly at home asleep in vulnerable structures having no earthquake resistance; iv) the extreme intensity XI on MMI scale and subsequent aftershocks caused officially 242,419 victims (Huixian et al., 2002) (this death toll number placing The Great Tangshan Earthquake atop the list of deadliest earthquakes in a century).
Therefore, in contrast to the very successful 1975 Haicheng earthquake forecast/prediction case, The Great Tangshan Earthquake turns out be a “cold shower” of disillusionment on both the Risk Umbrella and the presumed reliability of OEF, demonstrating particularly that consideration of MCE as practiced in NDSHA, per Rugarli et al. (2019), has to envelope all public safety considerations over and above, we believe, probability model perturbations of OEF responses.
It does not do to leave a live dragon out of your calculations
The Caltech EERL 2002–001 Report on The Great Tangshan Earthquake shows what can happen when an unexpected earthquake strikes an unprepared city, and it makes clear the need for earthquake preparedness even if the (subjectively modeled) probability of an earthquake is presumed to be low (Huixian et al., 2002).
Decades later, a golden opportunity was tragically lost to advise the citizens of L'Aquila, Italy on low-key safety measures, when Commisione Grandi Rischi (CGR), or Grand Risk Commission, issued their politicized statement on 31 March 2009 — because at this time the situation was favorable for adequate reaction of the public to prudent (understandable, believable, and personal) information on the “increased probability” of an impending strong earthquake (see e.g., Mileti and Fitzpatrick, 1992; Marincioni et al., 2012; Wachinger et al., 2013).
The local authorities and emergency management agencies, in particular, were also ready to act in advance, but were advised to the contrary by CGR to do nothing! From a strictly scientific viewpoint, an adequate evaluation of the seismic crisis in the Abruzzo region of Central Italy east of Rome on 31 March 2009 could have actually provided a much more reliable forecast/prediction than the previous and celebratory 1975 Haicheng success story! — if seismological knowledge had not been misspresented by CGR:
(I) According to scientific studies by the CGR members (Boschi et al., 1995; Dolce and Martinelli, 2005) L'Aquila was: a) at the highest seismic risk in Italy in the near future; and b) buildings in medieval L'Aquila were extremely vulnerable.
(II) Therefore, given the November 2008 — March 2009 apparently unrelenting seismic activity shaking the Abruzzo region (culminating in March 2009, when over 100 tremors occurred in the vicinity of L’Aquila), any responsible scientific body should not have asked local people to “calm down and relax,” but should instead have claimed: a) evident “increase of seismic risk” within the area; and also advised b) raising the “alert level” from background “green” to “yellow”, at least, or even “orange”. Subsequently it has been shown that this cluster of seismic activity that was so alarming to the population was a foreshock sequence foreshadowing the M 6.3 L’Aquila main shock (Papadopoulos et al., 2010).
Communicating their already existing scientific knowledge “as is” and unabridged could have led to saving the lives of a significant part of the 309 people who perished under the rubbles of the devastating M 6.3 L'Aquila earthquake on 06 April 2009 at 03:32 a.m. Many victims would not have returned back to their homes to sleep, but would have instead remained outside their houses for the rest of the night, following the two premonitory tremors of M3.9 (2009/04/05 22:48 CET) and M3.5 (2009/04/06 00:39 CET) which preceded the fatal M6.3 (2009/04/06 03:32 CET) main shock by just 3 hours. See in particular ‘Voices from the seismic crater in the trial of The Major Risk Committee: a local counternarrative of “the L’Aquila Seven”’ by Pietrucci (2016).
(1) On 22 October 2012 the Court of L’Aquila found all seven CGR members, who had been convened in L'Aquila on 31.03.2009 with “the aim of providing the citizens of Abruzzo with all the information available to the scientific community on the seismic activity of the last few weeks,” guilty of negligence, imprudence, and inexperience by their actions in providing incomplete information to the National Department of Civil Protection, to the Abruzzo Region Councilor for Civil Protection, to the Mayor of L'Aquila, and to the citizens of L'Aquila that had resulted in the deaths of people.
Thus, and what was commonly misunderstood at the time, the guilty parties were convicted neither for failing to forecast the earthquake, nor for failing to advise evacuation of the city. Rather they were convicted for having provided ‘inaccurate, incomplete, and contradictory information’ about the ongoing seismic activity and therefore undermining the safety of the population (see e.g., https://www.slideshare.net/dealexander/reflections-on-the-trial-of-the-laquila-seven).
Their providing of this “incomplete information” was as a result of: a) the statements made to the media; and b) the CGR draft report — both of which were: i) imprecise and contradictory on the nature, causes, danger and future developments of the seismic activity in question; ii) also in violation of the general legislation of the Law regarding the “discipline of information and communication” activities of public administrations at the time of said meeting; and iii) only approximate, generic and ineffective in relation to the activities and duties of “forecasting and prevention” (Alexander, 2014). In the Italian three-part legal system, after the Court of L’Aquila guilty verdict 1) above; 2) later the Court of Appeal acquitted six scientists; and 3) the Supreme Court ultimately confirmed this ruling.
It cannot be ruled out, however, that the CGR meeting on 31 March 2009 was convened with the explicit goal to calm down the disquieted public from both the ongoing seismic activity, and also the warnings of an amateur earthquake prediction scientist (Alexander, 2014; Imperiale and Vanclay, 2019). And the questions of whether scientists were used or “captured” (allowing their knowledge to be misused) or also complicit (by not taking action to correct misinformation that was the equivalent of geophysical malpractice) remains both itchy, as well as worrisome.
More details about so-called “L'Aquila Trial” (or trial of “the L’Aquila Seven”), and the political crisis in science it spawned, are given by Panza and Bela (2020) and Supplementary material therein. Information regarding the “AGU Statement: Investigation of Scientists and Officials in L'Aquila, Italy, Is Unfounded'' (including Comment and Reply) — are in (Dobran, 2010; Wasserburg, 2010); see also (Stark and Saltelli, 2018).
CN prediction experiment in Italy: 8 target earthquakes
Since the beginning of the real-time CN prediction experiment in Italy in July 2003 (Peresan et al., 2005), only 2 events (out of 8 target earthquakes) were missed. Namely, the 24 November 2004, M 5.5, Salò earthquake in southern Alps, Northern region (Figure 12) and the 6 April 2009, M 6.3, L’Aquila earthquake in the central part of the Apennines, Central region. The L’Aquila earthquake scored as a “failure to predict” just because its epicenter was located about 10 km outside the alarm territory of Northern region identified by CN algorithm for the corresponding time window (Peresan et al., 2011).
[image: Figure 12]FIGURE 12 | Regionalization used in the CN prediction experiment in Italy.
The situation with the Salò earthquake, which again occurred within the Northern Region, was quite different. In fact, fully three target earthquakes hit the same region in a row, respectively those of September 2003 July 2004, and November 2004. Both the first and second earthquakes were correctly predicted by CN algorithm within the alarm window beginning in May 2001, but according to the protocols of the prediction experiment, however, when the seismic energy release within the alarm region surpassed the preset sufficiently high threshold after the second, July 2004 earthquake, the alarm was automatically terminated — thus resulting in a “failure to predict” for the third November 2004 Salò earthquake (Peresan, 2018).
DISCUSSION AND CONCLUSIONS
“Nothing is less predictable than the development of an active scientific field.”Charles Francis Richter
Charles Richter, whose critical observation that “only fools and charlatans predict earthquakes” is often cited (see e.g., Hough, 2016), illuminatingly wrote a one-page note (Richter, 1964) next to the article by Russian researchers Vladimir I. Keilis-Borok and Lyudmila N. Malinovskaya that was describing quantitatively an observation of a general increase in seismic activity in advance of some 20 strong earthquakes (Keylis-Borok and Malinovskaya, 1964). Richter noted: i) that this was “a creditable effort to convert this rather indefinite and elusive phenomenon into a precisely definable one”; ii) further marked as important a confirmation of “the necessity of considering a very extensive region including the center of the approaching event”; and iii) finally outlined “difficulty and some arbitrariness, as the authors duly point out, in selecting the area which is to be included in each individual study.” An example of the procedure followed to define the CN-regions in Italy is given by Peresan et al. (2005) and references therein (see also http://www.mitp.ru/en/cn/CN-Italy.html).
As can be judged after reading the most recent review of “The Global Earthquake Forecasting System: Towards Using Non-seismic Precursors for the Prediction of Large Earthquakes” (Sornette et al., 2021), most, if not all, non-seismic “low-hanging fruits” stubbornly remain earthquake precursor candidates unfortunately lacking the results of similar credible seismic precursor definition efforts — which results are absolutely required to advance earthquake prediction forward from challenging “hindcasting” to a reliable “operational forecasting” of earthquake hazard, i.e., ready to be used correctly by both civil protection agencies and populations (Mignan et al., 2021).
One could not realistically or believably challenge that earthquake prediction research requires from a scientist both a keen feeling of responsibility, as well as rigid control of all claims and conclusions. Such responsibility requires further the highest standards of statistical analysis, because it is well-known that the improper use of statistical methods may lead to wrong (although to the user desirable) causal inferences. And we were often reminded of this error by Andrei N. Kolmogorov (1903–1987), the famous Russian mathematician known for Probability theory, Topology, Intuitionistic logic, Turbulence and many other studies, who modified for this purpose a famous quotation attributed to Benjamin Disraeli (1804–1881): “There are three kinds of lies: lies, damned lies, and political statistics.”
It would likewise also be wrong to regard statistics as purely a tool for exercises in numerology, by first counting, and then regressing “descriptive” parameters — as proxies for “causal inference” in statistical models (Collier et al., 2010). A main reason is from Albert Einstein’s observation that “not everything that can be counted counts, and not everything that counts can be counted.” Or, in other words, “as far as the laws of mathematics refer to reality, they are not certain; and as far as they are certain, they do not refer to reality” (Albert Einstein, Geometry and Experience, 27 gennaio 1921).
Furthermore, as one of the highest authorities in modern mathematical sciences, Izrail M. Gelfand (1913–2009) wrote in his Kyoto Prize Commemorative Lecture of the 1989 Laureate in Basic Sciences (Gelfand, 1991): “It is terrible that in our technocratic age we do not doubt the initial basic principles. But when these principles become the basis for constructing either a trivial or finely developed model, then the model is viewed as a complete substitute for the natural phenomenon itself.”
We believe foremostly that PSHA is not “the natural phenomenon itself”, and also, per “Cargo-cult statistics and scientific crisis” (Stark and Saltelli, 2018) — that the underlying problem of a widespread pandemic-like scientific crisis in many disciplines collaboratively involved in SHA lies squarely in the misuse of Statistics far beyond the possibilities of its applications (as in the abovementioned GSHAP, STEP, GEM seismic hazard model endeavors) — due primarily to: i) superficial education regarding “initial basic principles”; ii) lots of mechanical application of pretty available software; and our favorite iii) the questionable editorial policies of scientific journals, as in (Gerstenberger et al., 2020); see also (Stark, 2018; Stark and Saltelli, 2018; Bela and Panza, 2021).
Regretfully, nowadays for many science has become a “career,” rather than a calling (Stark and Saltelli, 2018). And for example, in his last appearance of the famous Bertolt Brecht play, Galileo concludes (in lecture style) his instructions to a young scholar:
For a few years I was as strong as the authorities. And yet I handed the powerful my knowledge to use, or not to use, or to misuse as served their purposes. I have betrayed my calling. A man who does what I have done cannot be tolerated in the ranks of science.
Thus, when once again maps are checked “with the actual territory during the journey”, the newest GEM global seismic hazard maps based on PSHA are of deceptive glow — regrettably the same as the old pretty-shabby ones born of GSHAP, and as a result, therefore, mislead to a disappointing future practice of more unsurprising surprises, when actual seismic effects are once again: a) unexpectedly disastrous; as well as b) of unnecessary expenses on earthquake-resistant construction within the essentially aseismic areas.
On the contrary, the three-decades-long physically sound approach of NDSHA models (Fäh et al., 1993; Panza et al., 2013), that predictably outscore comparative PSHA models in efficiency, enables estimating realistically the future magnitude of ground shaking for SHA — with statistically justifiable reliability. Deterministic scenarios of catastrophic earthquakes, which can now be based on the state-of-the-art knowledge of the Earth’s complex structure and patterns of seismicity, provide a much more comprehensive basis for: i) decision-making for land use planning; ii) adjusting building code earthquake-resistant design standards; iii) seismic-related regulations; and iv) operational emergency management.
Today NDSHA is gaining even more momentum in spreading Worldwide a New Paradigm of Reliable Seismic Hazard Assessment, RSHA (Panza and Bela, 2020; Bela and Panza, 2021); and one (see XeRiS - Methodology) that, along with other modern physics-based earthquake scenario modelling platforms, e.g. CyberShake (SCEC, 2018) — should ultimately change the mind-sets of both scientific and engineering communities alike: from a pessimistic disbelief in past forecasting abilities attributable only to “fools and charlatans”... to today’s optimistic appreciation of the many challenging issues being addressed by Neo-Deterministic Predictability of Natural Hazards.
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To understand the shallow structure and complex sedimentary environment of the 2017 Jinghe Ms6.6 earthquake focal area, we used one mouth of continuous sesimic data from a dense seismic array of 208 short period stations around the earthquake focal area, and applied the ambient noise tomography (ANT) method to image the three-dimensional Shear wave velocity structure at the depth less than 4 km. The shear wave velocity shown clear lateral variations and vertical variations from the surface to the deeper regions and has a tight correlation with surface geological and tectonic features in the study area. Obvious low-velocity anomalies has been presented throughout most of the Jinghe depression, whereas the Borokonu Mountains presented high-velocity anomalies. The thickness of the Cenozoic sedimentary basement in the study area is approximately 1–4 km, and the distribution of thickness is highly uneven. The crystalline basement in the study area has strong bending deformation, and the non-uniform Cenozoic sediments are related to the strong bending deformation of the crystalline basement. The Kusongmuchik piedmont fault is a high-angle thrust fault cutting through the base. There are also many medium low-angle faults, which do not penetrate the surface, which has indicated that they are in a concealed state at present. The results have provided a shallow high-resolution 3D velocity model that can be used in the simulation of strong ground motion and for evaluating potential seismic hazards.
Keywords: Jinghe 2017 Ms6.6 earthquake region, 3-D shear velocity structure, dense array, ambient noise tomography, he Jinghe depression
1 INTRODUCTION
On 9 Aug 2017, the Jinghe Ms6.6 earthquake occurred in Jinghe County, Bortala Prefecture, Xinjiang Uygur Autonomous Region (Figure 1). The epicenter was located at 44.27°N and 82.89°E, and the depth was 11 km as measured by China Earthquake Networks Center. Near the epicenter, near the epicenter strong tremors can be felt. Less than a day after the earthquake, a total of 11 aftershocks occurred with M ≥ 3, which affected 33 towns. 32 people were injured, and 142 houses collapsed (Jin et al., 2019; He et al., 2020). One year later, one Ms5.4 earthquake occurred 30 km away to the southwest of the Jinghe Ms6.6 earthquake. Many earthquakes have occurred in this area over a relatively short time, which has resulted in a strong research focus on the seismogenic mechanisms in this area.
[image: Figure 1]FIGURE 1 | Topographic and seismicity maps of the study area.
Xinjiang is located on the Eurasian seismic belt, where there are many large faults, and earthquakes are active. However, given the wide area, poor surface conditions, and sparse observation stations in Xinjiang, so far, there has been relatively little research on the crust structure in this area. In particular, there is relatively little understanding of the deep and shallow structure of active faults in this area. This affects the understanding of the background around the mechanisms of earthquake generation and their dynamics. After the earthquake, the regional arrays were used to carry out seismic tomography, seismic relocation, and geometric analysis of seismogenic faults in this area (Fu and Wang, 2020; He et al., 2020). However, given the sparse distribution and low resolution of the array, their understanding of the deep seismogenic background in this area has been relatively limited.
The deep crustal structure is closely related to the development of earthquakes, and the structure of the shallow crust is directly related to earthquake disasters. Areas with extensive structural changes such as fault zones are often those with the serious earthquake disasters. Considering that sedimentary structures can amplify seismic signals, it is also likely to increase earthquake damage (Li et al., 2020). Therefore, in the study of earthquake disaster prediction, we should not only pay attention to information on faults but also pay attention to the sedimentary structure of the basin. The Jinghe area is located on thick sedimentary structures, and to reduce the risk of earthquake disasters, it is important to investigate the deep structured and seismogenic background of the fault, as well as determine the sedimentary structure. Studying the sedimentary structure is also play a key role in exploring resource and energy distribution in the shallow crust. This is of considerable importance in the study of the sedimentary environment related to faults, strong earthquake ground motion, and disaster risk prediction.
In recent years, the high-frequency surface wave signal has been obtained using continuous ambient noise data based on the dense seismic array. It is more sensitive to the shallow velocity structure and small-scale ambient noise tomography has been widely used in cities, volcanic activities, metal mines, and other areas (Lin et al., 2013; Fang et al., 2015; Luo et al., 2015; Li et al., 2016; Zhou et al., 2018; Gu et al., 2019; Zellmer et al., 2019; Zulfakriza et al., 2020). A dense seismic array with 208 three component short period seismometers was deployed on 5 July 2018. The range is about 50 km × 50 km with the station spacing being 0.5–5 km (Figure 2). In this study, we determined the 0–4 km three-dimensional (3D) shear wave velocity in the Jinghe area by inverting 1–5 s period dispersions using direct surface wave tomography (Fang et al., 2015).
[image: Figure 2]FIGURE 2 | (A) Geological map of study area; (B) The stations used in this study are shown in the red rectangle in (A), F1 is the Kusongmuchik piedmont fault.
2 GEOLOGICAL BACKGROUND
The study area was located in the southern of the Bole Basin and the contact part of the Boluokonu Mountain and Kogurqin Mountain (Figure 2A), which form part of the Sayram micro block. The Bole basin is a composite basin of the Upper Paleozoic and Mesozoic Cenozoic, and the Devonian system directly covers the Mesoproterozoic metamorphic rocks. The basin comprises three secondary structures, the Wenquan Depression, Bole Uplift, and the Jinghe Depression. According to the analysis of field outcrops, seismic and drilling data, Devonian, Carboniferous, Permian, Jurassic, Paleogene, Neogene, and Quaternary strata are developed in the basin. The Paleozoic strata is relatively thick, and the Mesozoic Cenozoic strata are relatively thin. Devonian and Carboniferous strata are widely distributed in this area. The Permian system is developed in the west of the Bole uplift, and the entire Triassic system is missing. The Jurassic system is only distributed to the northwest of the Wenquan Depression, and the Tertiary and Quaternary systems are distributed throughout the basin (Sun et al., 1997; Zhang et al., 2017a; Zhang et al., 2017b).
The Borokonu and Kogurqin mountain belts are located in the northern branch of the Western Tianshan Mountains and the northern margin of the Yili Basin. They are characterized by a Paleozoic active continental margin superimposed onto the Precambrian metamorphic crystalline basement (Gao et al., 2009). The Boluoli island arc belt is located in the south and the nappe structure is located in the north. Most of the strata exposures on the Boluokonu Mountain are from the Proterozoic and Paleozoic (Wang et al., 2013), and most of the strata exposed on Kogurqin Mountain are Proterozoic.
The Jinghe earthquake occurred near the eastern section of the Kusongmuchik piedmont fault at the north edge of the Bolokonou Mountain, to the north of Tianshan Mountain, and at the southwest end of the Junggar Basin (Figure 1). The study area was located in the thrust fold tectonic active belt between the Junggar plate and the Tianshan plate. The Kusongmuchick piedmont fault is a newly active fault that has developed on the fold reverse fault zone at the front edge of the Tianshan nappe (Chen et al., 2007). The Kusongmuchik piedmont fault is a Holocene Active fault (Chen et al., 2007), which is a dextral reverse fault that is EW trending. The fault is a boundary fault and regionally active fault located on the north edge of the west end of North Tianshan. According to its activity trends, it is divided into the east, middle, and west segments. Chen et al. (2007) obtained the stratigraphic and structural data from the area through field investigation. It was found that the eastern section of the Kusongmuchick piedmont fault is approximately 50 km long, predominantly composed of four fault oblique columns with a strike of 280°–290°, a length of 9–13 km, with a dip to the south (Figure 2 marked as f2-1, f2-2, f2-3, and f2-4), the dip angle of 40°–60°. Faults and folds have developed in the area where the fault is located, and there is a high level of tectonic activity.
3 DATA AND METHODS
From May to July 2018, the Geophysical Exploration Center, China Earthquake Administration deployed a 150 km long linear dense array using the Jinghe County, Nileke County, and Gongliu County of Xinjiang with a NE–SW trend, with an average station spacing of approximately 500 m, comprising 115 stations. The linear array was located through the epicenter area of the Jinghe Ms6.6 earthquake. Meanwhile, a plane dense array was deployed around the epicenter area, with these detector stations spanning an area of 44.16°N–44.54°N and 82.37°–83.04°E, with a total of 115 stations spaced approximately 4 km apart. The original data sampling rate was 200 Hz. The observation instruments used were short-period portable digital seismometers and the corner frequency of the instrument was 5 s. In this study, we used the continuous ambient noise data recorded by the plane dense array and 93 stations of a linear dense array inside the planar array with a total of 208 stations (Figure 2B). This was undertaken to obtain a high-resolution image of the shallow structure beneath the region of the Jinghe Ms6.6 earthquake area. The main fault in the study area was the eastern part of the Kusongmuqike piedmont fault, which is composed of four faults. The trend was 280°–290°, at approximately 50 km, with a dip to the south (Figure 2B marked as F1-1, F1-2, F1-3, F1-4).
The empirical Green’s function between station pairs could be derived from the noise cross-correlation function stack over relatively long timescales. In this study, we used the vertical component data to calculate the cross-correlation function between stations and extract the Rayleigh surface wave signal. Before using noise data to calculate the cross-correlation function, it is necessary to preprocess single station data, which follows the data processing process for the noise cross-correlation standard (Bensen et al., 2007). The data was reduced to 1 day in length and the original 200 Hz data was downsampled to 50 Hz. We then removed the mean and the trend of the data and band-pass filtered the data in the 0.1–10 s frequency band. To reduce the effect of earthquake signals, we performed spectral whitening and temporal normalization of the data. We performed cross-correlation to obtain the time domain cross-correlation function (CF) for Station Pairs A and B for each set of daily data with a lag time from −100 to 100 s. After preprocessing was complete, the cross-correlation between all the stations could be calculated. All the daily CFs from each station pair was stacked together linearly. A total of 21,528 cross-correlations were obtained in this study. Figure 3 shows an example of noise correlation functions of the vertical–vertical component, based on the long observation time. The CFs of the signal-to-noise ratio (SNR) was relatively high, and we could observe clear surface wave signals in the positive and negative time parts. The surface wave signal was clearly in line with the positive and negative time components. Although the amplitude information was different, the time of arrival of the positive and negative surface waves was consistent.
[image: Figure 3]FIGURE 3 | (A) A record section of CFs in a period band of 1–2.5 s; (B) A record section of CFs in a period band of 2.5–5 s.
To improve the cross-correlation SNR, we linearly stacked the positive time and negative time components of Empirical Green’s function. The group velocity dispersion curve of the Rayleigh surface wave was automatically extracted using the image analysis method of Yao et al. (2006); Yao et al. (2011). According to the relationship between station spacing and wavelength, we extracted the dispersion curve of 1–5 s, with a sampling interval of 0.1 s. We required the interstation distance to be at least double the wavelength to approximately satisfy the far field approximation of surface wave propagation (Yao et al., 2010), and the SNR ≥5. Using this program, a reliable reference dispersion curve was needed to function. Therefore, 200 dispersion curves were manually identified, and the reference dispersion curve was calculated using these data. A total of 15,700 dispersion curves were extracted using the manually selected dispersion calculation. We controlled the quality of the automatically extracted dispersion curve. According to the reference dispersion curve, the maximum slope of the dispersion curve was 0.5. Therefore, we retained data with a group velocity difference of two adjacent periods less than or equal to 0.05 km/s and then deleted the dispersion curve with less than five points. Therefore, the quality control of the dispersion curve was completed. A total of 5,724 high-quality dispersion curves were retained. According to the dispersion data extracted, statistical information on dispersion quantity over different periods was obtained (Figure 4). In 1–2.8 s with the increase in duration, the number of dispersion increased, and the most number of dispersions occurred over 2.8 s at nearly 3,000. After 2.8 s, with the increase in duration, the number of dispersions gradually decreased to about 1,000.
[image: Figure 4]FIGURE 4 | The number dispersion at different period.
4 RESULTS
4.1 Inversion method
In this study, we used the direct surface wave tomography method with period-dependent ray tracing method to invert all the dispersive travel-time data simultaneously for the 3D subsurface shear-velocity structure (Fang et al., 2015). This method can be used to avoid the intermediate steps of inversion for phase or group velocity maps and considers ray bending effects on surface-wave tomography in the complex medium. For the forward problem, the fast-matching method was used to compute the surface wave travel times and ray paths between receivers and sources for each period (Rawlinson et al., 2004). The travel-time perturbation at the angular frequency ω concerning a reference model for the path is given by Fang et al. (2015).
[image: image]
in which [image: image] is the observed surface wave travel time, [image: image] is the travel time calculated from a reference model that can be updated in the inversion, and is the bilinear interpolation coefficients along the ray path associated with the i th travel time data and the phase (or group) velocity [image: image] and its perturbation.
[image: image] of the k th 2D surface grid point at the angular frequency ω. Using the 1D depth kernel of Rayleigh wave phase or group velocity data to compressional velocity (a), shear velocity (ß), and density (ρ) at each surface grid node, we can rewrite Eq. 1 as
[image: image]
In which [image: image] represents the 1D reference model at the kth surface grid point on the surface, [image: image], [image: image], and [image: image] are the compression velocity, shear velocity, and mass density at the j th depth grid node, respectively. [image: image] and [image: image] are the scaling factor, J is the number of grid points in the depth direction, and the number of total grid points of the 3D model is M = K ╳ J. We can write (2) as
[image: image]
In which d is the travel time residual, G is the data sensitivity matrix, and M is the model parameter. In the inversion problem, the loss function needs to be minimized to solve formula (3), we can obtain (4)
[image: image]
Where the first term on the right-hand side gives the [image: image]-norm data misfit and the second term denotes the [image: image]-norm model regularization term and the second term is the model regularization term. L is the model smoothing factor; λ is the weight factor of data fitting and model regularization. Therefore, the solution m of formula (3) is
[image: image]
Therefore, the inversion problem is transformed into the least square problem in linear inversion (Paige and Saimders, 1982).
4.2 3D model and sensitive kernel
We used direct inversion of 3D S-wave velocity imaging based on independent period ray tracing (Fang et al., 2015) to simultaneously all the dispersions to obtain the S-wave velocity structure of the study area. This includes inversion without the intermediate step of phase- or group-velocity maps and avoids the effect of bending off the great-circle ray in a complex medium.
We used the 1D velocity model of the Tianshan area obtained by Shao. (1996) as the initial velocity model (Figure 5A blue line). The inversion depth was 0–7 km, and there were 14 layers along the depth direction. We calculated the average dispersion curve for all the group dispersion curves. The linear inversion program (Herrman and Ammon, 2004) was used to invert the average dispersion curve to obtain the 1D shear velocity structure (Figure 5A red line). We used the 1D model (Figure 5A red line) to construct the initial three-dimensional inversion model and set the grid spacing to 0.02°, which was equivalent to 30 × 50 = 1,500 horizontal grid points.
[image: Figure 5]FIGURE 5 | (A) The initial model from Shao et al. (1996) (blue line), the 1-D model derived from inverting the measured average group velocity dispersion. (B) The green line is the observed average dispersion curve; the red line indicates the dispersion curve obtained by forward calculation using the 1-D average velocity model in FigureA.
We calculated the depth-sensitive kernel function of group velocity with a period of 1–5 s to the S-wave velocity using the 1D model (Figure 5A red line). Figure 6 shows that the maximum sensitive depth of the different Rayleigh waves is approximately 1/2λ (wavelength). According to the sensitive kernel function, the group velocity of 0.5–5 s was mainly sensitive to the depth range of 0–5 km.
[image: Figure 6]FIGURE 6 | Depth sensitivity kernels for group velocity at four periods: 1.1, 2.0, 3.0, 4.0, and 4.8 s.
4.3 Path coverage and resolution
The resolution of surface wave tomography depended primarily on the coverage and azimuthal distribution of the path. The denser the ray path coverage, the higher the resolution; on the contrary, the thinner the path coverage, the lower the resolution. Based on the final inversion, we obtained the path coverage for the group velocity for all periods (Figure 7). The distribution of the ray paths for each period was similar, and the path density in the northwest of the study area was lower than the southeast, due to uneven distribution of stations. With the period increases, the ray coverage density decreases.
[image: Figure 7]FIGURE 7 | The ray paths obtained from the final 3-D model (see Figure 9) at four periods using the fast marching method: 1.5, 2.0, 2.5, 3.5, 4.0, and 4.5 s. The black lines represent the ray paths and the red triangles represent the stations.
We used the checkerboard test to determine which part of the study area should be sufficiently well resolved by our data to justify the inversion of group velocity dispersion curves for the shear wave velocity depth profiles. The checkerboard test uses synthetic data generated on a “checkerboard” velocity structure (Figures 8A–C), using the same station pairs as the observed data. Areas, where the inversion is in line with the original checkerboard pattern, are considered well-resolved. We tried various checkerboard cell sizes of 4.5 [image: image] 4.5 km, 6 [image: image] 6 km, and 7.5 [image: image] 7.5 km throughout 2 s to determine which sizes are well resolved in the study area (Figures 8D–F). Figure 8 shows that the checkerboard test can recover the initial velocity model at 6 [image: image] 6 km cell size (Figures 8B, E). The checkerboard test at 6 [image: image] 6 km can be recovered effectively in most parts of the study area and was only poor in marginal areas.
[image: Figure 8]FIGURE 8 | The checkboard test by using grid 6*4.5 km, 6*6 km, 7.5*7.5 km for 2 km. (A–C) show the initial velocity model and (D–F) show the recovery model.
To determine the resolution of the 3D shear velocity structures, we used the checkerboard resolution test. The initial velocity model of the checkerboard is the same as the real inversion velocity model. The grid is divided into and the disturbance volume is 27%. Figure 9 shows the checkerboard test results at depths of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.5 km. The resolution is related to the path coverage and, in general. There is dense path coverage; the resolution of the checkerboard resolution test was relatively high. At the edge of the study area, where the path coverage becomes sparse, the resolution became relatively low. At a depth of 0.5–2 km, the ray path coverage is relatively dense, and the checkerboard recovery was better. With the increase in depth, the ray path gradually became sparse. The restoration of the checkerboard became worse at the edge of the study area, but it could be restored in the center area. We also obtained the test results of the depth along the longitudinal and latitudinal directions (Figure 10). The grid size of the depth checkerboard test setup gradually increased with increasing depth, with the grid size being 6 km in the horizontal direction. In terms of depth, the shallowest was 600 m with increasing crustal depth, and the grid size gradually increased to 1,500 m. The results have shown that the checkerboard recovery has occurred more successfully in the shallow section with relatively dense dispersion curve coverage. With increasing depth, the dispersion curve coverage was lower, and the checkerboard recovery gradually became less successful in the edge area.
[image: Figure 9]FIGURE 9 | Checkerboard resolution tests of the inversion results: (A) Checkerboard test model, (B–F) different depth of horizontal checkerboard recovery.
[image: Figure 10]FIGURE 10 | Vertical checkerboard test; the location of the profiles show in Figure 12. (A, B) are the checkboard theoretical model, (C, D) are the vertical chessboard recovery in longitude direction (D) vertical chessboard recovery in latitude direction.
4.4 3D shear velocity structure
We used all the group velocity dispersions to invert the 3D near-surface shear velocity structure. The standard deviation of travel time residuals decreased from approximately 1.74 s to approximately 1.638 s (10th iteration, see Figure 11). The last travel time residuals were highly concentrated around 0 s (Figure 11, illustration).
[image: Figure 11]FIGURE 11 | Variation of the standard deviation of surface wave travel time residuals with the number of iterations. The histogram of travel time residuals before iteration (red) and after 10 iterations (blue).
Figure 12 shows the shear velocity maps at six depths, that is, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.5 km. The shear velocity maps have shown clear lateral and vertical variations which correlate closely with the main geological structures and tectonic units in the study regions.
[image: Figure 12]FIGURE 12 | S wave velocity distribution at different depths: depth is 0.5, 1.5, 2.5, and 3.5 km.
The velocity structure characteristics of 0.5, 1 km, and 1.5 km are similar. The Jinghe depression has shown low shear wave velocity; in the valley and the area where the river passes of the Borokonu Mountain shows low velocity, whereas the other region of the Borokonu Mountain has shown high velocity. From near the surface to the deep regions, most of the Jinghe depression with thicker sediments is characterized by low shear wave velocity. Meanwhile, Borokonu Mountain, with its exposed bedrock, is characterized by higher velocities. The location is in the eastern part of Kusongmuqike Piedmont Fault (F1-1) which is the boundary of high and low velocity. The surrounding areas of F1-2 and F1-3 are characterized by high velocity, while the surrounding areas of F1-4 are characterized by low velocity. The results for the shear wave velocity structure have shown a strong correspondence with the geological features of the study area. It indicates that the velocity distribution characteristics in the study area are mainly controlled by regional structures.
Compared with the shallow structure, the velocity structure of 2, 2.5, and 3.5 km are different, with the Jinghe depression still showing a large area of low velocity. In the Borokonu Mountain, the distribution range of low velocity gradually increases, while the distribution range of high velocity gradually decreases. The eastern part of the Songmuqike Piedmont Fault has a high-velocity distribution, but the range of high speed gradually decreases with increasing depth.
We have obtained several profiles, the profiles of AA’, BB’, CC’, and DD’ (Figure 13) are near-vertical to the Kusongmuqike piedmont fault with a NE trend. The EE’, FF’, and GG’ are three profiles at the latitudes of 44.22 °N, 44.36 °N, and 44.48 °N. From the four profiles of AA’, BB’, CC’, and DD’ (Figure 13), the velocity of the Jinghe depression of the shallow 0–2 km depth range is substantially lower than that of the Boluokonu Mountain. In the range of 2–4 km, the distribution of velocity is relatively complex. From the southwest side to the northeast side, it is characterized by alternating high and low velocities. The EE’s profile along the latitudinal direction traverses the Jinghe depression, showing a low-velocity structure, and the velocity on the west side of the profile is considerably lower than that on the east side. The FF’ profile passes through the Boluokonu Mountain, the Jinghe depression, and the Boluokonu Mountain, which has high velocity in the east and west of the profile and low velocity in the middle of the profile. The GG' profile traverses the Borokonou Mountain and has high velocity, but near the Kusongmuqike piedmont fault, it has low velocity.
[image: Figure 13]FIGURE 13 | The velocity distribution of AA’, BB’, CC’, DD’, EE’, FF’, and GG’.
5 DISCUSSION
The Bole Basin is an intermountain in the Selimu micro block in the western section of the Tianshan Mountains with a Precambrian base, which may be a basin covered by nappes (Sun et al., 1997; Wang et al., 2013; Zhang et al., 2017a). In the early Paleozoic, the northern Tianshan Junggar Ocean in the north of the Selimu micro block began to subduct southward, and the Alatao, Bizhentao, and Kogurqin Mountains began to form. During this period, the Selimu micro block was under the background of uplift. The Bole uplift in the center of the basin divided the basin into Wenquan and Jinghe depressions with the influence of mountain uplift. At this time, the structural styles of two depressions with one uplift were basically formed. In the early Permian, the lake basin declined and generally accepted sedimentation. In addition to Bole uplift, sedimentary structures of deep lake facies and volcanic eruption facies in the upper Permian were formed. From the end of Hercynian period to Indosinian period, the lake basin was uplifted and suffered weathering and denudation, which made the basin generally lack part of the Triassic and Lower Jurassic sediments in this period. At the same time, because the basin was still subject to the uplift and compression of mountains in this period, the tectonic framework of two depressions with one uplift developed by compressional and torsional reverse faults was more obvious. In the middle Yanshan period, the basin declined and entered a stable sedimentary stage; in the late Yanshan period, the basin was always in the uplift stage, and the original subsidence center lifted the fold to form the piedmont fold of Jurassic strata, while the upper Jurassic and Cretaceous sediments were generally absent. During the Himalayan period (the Tianshan Mountains were uplifted again), the orogeny was strong, the basin declined, and huge thickness of Cenozoic alluvial fan and molasse facies debris was deposited. Due to the uplift of the three sides of the mountain, fold structures and contemporaneous and associated faults were well developed, forming the current complex structural pattern (Sun et al., 1997; Wang et al., 2013; Wang et al., 2000; Gao et al., 2016; Zhang et al., 2017a; Zhang et al., 2017b).
Considering that there has been little research in the study region, we found that the Piedmont basement of the North Tianshan Mountains could be divided into two layers according to the results of the geoscience large section (report) basement crossing the three mountains and two basins in the north and south of Xinjiang approximately 200 km away from the east of the study area. The upper layer is composed of lower-velocity Cenozoic sediments; the next layer is composed of Paleozoic sediments with high velocity. According to the result of Wang et al. (2000), the Late Cenozoic sedimentary thickness is approximately 2–4 km, and the P-wave velocity is 3.5–4 km/s. Meanwhile, according to the wave velocity ratio of 1.77 in this area, the S-wave velocity calculated was approximately 1.4–2.3 km/s. This corresponds closely to the S-wave velocity structure obtained from inversion. Therefore, the thickness of the Late Cenozoic sedimentary in this area is calibrated according to the velocity of 2.3 km/s. The thickness of the late Cenozoic sedimentary is shown in Figure 14. The section shows that the thickness of the Late Cenozoic sedimentary basement in the study area is about 1–4 km, that the Late Cenozoic sedimentary basement of Borokonu Mountain is thin, and of Jinghe Depression is thicker. However, there are also pronounced differences in some areas. Sections AA’, BB’, CC’, and DD’ are strongly bent and deformed.
[image: Figure 14]FIGURE 14 | The distribution of Cenozoic sedimentary thickness. The red star is the epicenter of the 2017 Ms6.6 Jinghe Earthquake.
According to the evolutionary structure of the area, the Cenozoic sediments covered the Mesozoic strata. In the late Jurassic, the south–north compression activity of the basin was strengthened, the basement was uplifted, and the basin was deposited, resulting in substantial shrinkage of the basin. The profile map has shown that the strata under the Cenozoic sediments have shown strong fold deformation, indicating that the Jinghe Depression was strongly compressed during this period. This result is in line with those of Qi et al. (2008) on tectonic deformation within the transitional belt between Junggar Basin and the northern Tianshan Mountain. Under the influence of the uplift of the Qinghai–Tibet Plateau, the compression in the near north–south region has been strengthened, and then caused the uplift of the North Tianshan Mountains. Based on the existing faults and weak layers in the sedimentary basin cover, fold structures related to the basement involving thrust faults were formed in the Basin-Mountain transition zone of Junggar, North Tianshan. Our results may also indicate that Jinghe Depression is located in the transitional zone between the Junggar Basin and the Tianshan Mountains. From the Cretaceous to the Paleogene, Junggar Basin continued to develop under the action of isostatic curvature of the crust, and the faulting activity of the basin and its edge weakened. In the Neogene, the Tianshan Mountains began to uplift because of the collision between the Indian plate and the Eurasian plate. The Jinghe Depression formed a piedmont depression that received a substantial thickness of sediments, and the basin fillings were folded and deformed in the late sedimentation period (Wang et al., 2000). This result is also consistent with the thicker Cenozoic sedimentary facies in this area (Figure 12). Stratum bending features are also found in the EE’, FF’, and GG’ profiles, which may indicate that the study area is not only compressed by north–south compressive stress, but also by east–west stress from Kazakhstan on the west side. There are also a series of nappe structures comprising north-dipping faults from north to south on the northern edge of the Bole Basin, indicating that the area has also been compressed from the Alatao Mountain (Sun et al., 1997; Zhang et al., 2017b). This may also indicate differences between the study region and the Basin-Mountain transition zone of Junggar, North Tianshan.
The Basin-Mountain transition zone of Junggar, North Tianshan has developed thrust faults while forming a fold structure from north–south compression. The main fault is a high-angle thrust fault inclined to the basin, and a series of branch thrust faults have developed in the footwall (Qi et al., 2008). The AA’, BB’, DD’, FF’, and GG’ vertical profiles have shown that there is a substantial difference in velocity on both sides of the fault. The fault is a high-angle thrust fault, which can continue to a depth of 4 km, which indicates that the fault is a fault break-through the basement. In the area of the Piedmont basement fold, there are many medium low-angle faults, which do not break-through the surface, which may indicate that they are in a concealed state at present.
Our results have shown that the thickness of the Cenozoic sediments in Jinghe Depression is approximately 1–4 km, as we know the thicker sediments may contain rich natural resources. Zhang et al. (2017a) concluded that the southwest of Jinghe Depression is an important oil exploration area through the evaluation of the geological conditions of Bole Basin. According to its low speed in the sedimentary basin, when the earthquake propagates to the sedimentary layer, the signal is significantly amplified, which can cause greater seismic damage. After the Jinghe 6.6 earthquake on 9 August 2017, the Xinjiang Earthquake Administration released the hazard degree of the Jinghe M6.6 earthquake (Xinjiang Earthquake Administration, 2018). The hazard degree of the extreme seismic region was VIII, with an area of 979 km2, a long axis of 44 km, and a short axis of 29 km. Meanwhile, many Level VIIII abnormal points were also found, and Urumqi more than 400 km away, also felt the earthquake. The area of the VIII degree area of the Jinghe earthquake is wider compared to other areas, such as the area of hazard with a degree of VIII from the Jinggu earthquake of M6.6 on 7 October 2014, is 400 km2 (China Earthquake Administration, 2017a), the area of hazard with a degree of VIII from the Jiuzhaigou earthquake of M7.0 of 8 August 2017, is 778 km2 (China Earthquake Administration, 2017b), the area of hazard with a degree of VIII of the Milin earthquake of M6.9 of 18 November 2017, is 310 km2 (China Earthquake Administration, 2014), the area of hazard with a degree of VIII from the Luding M6.8 earthquake on 5 September 2022, is 505 km2 (Ministry of Emergency management of the People’s Republic of China, 2022). Figure 14 shows that the area of the VIII degree of hazard in the Jinghe Depression is substantially larger than that of the Borokonu Mountain. The Jinghe earthquake caused a wider range of disasters that may have been related to the huge Cenozoic sediments in this area. Although Xinjiang is sparsely populated because it is close to the Eurasian seismic belt, the area is seismically active and has a background of earthquakes above magnitude 6.0, so it is urgent to address seismic fortification in this area.
6 CONCLUSION
Based on the ambient noise data obtained from 208 dense stations deployed in the Jinghe earthquake area, the basic Rayleigh surface wave group velocity dispersion curve with a period of 1–5 s was extracted. We then used the direct surface wave tomographic method with period-dependent ray tracing constrained to invert group dispersion travel time data simultaneously for 3-D shear wave velocity structure. The shear wave velocity model results from 0.5–4 km depths have shown the distribution of buried faults under the study area; the velocity structure anomaly has a strong correlation with regional fault structures and has a strong correlation with the complex sedimentary structure near the surface. From near the surface to the deeper regions, most of the Jinghe depression with thicker sediments is characterized by low shear wave velocity. Meanwhile, the Borokonu Mountains, with their exposed bedrock, are characterized by higher velocities. The thickness of the Cenozoic sedimentary basement in the study area is approximately 1–4 km, and the distribution is highly uneven. The crystalline basement in the study area has strong bending deformation, and the non-uniform Cenozoic sediments are related to the strong bending deformation of the crystalline basement. There is a substantial difference in velocity on both sides of the fault, and the fault can continue to a depth of 4 km, which may indicate that the fault is a fault cutting through the basement. In the area of the Piedmont basement fold, there are many medium low-angle faults, which do not break-through the surface. This may indicate that they are in a concealed state at present. The results have provided a shallow high-resolution 3D velocity model that can be used in the simulation of strong ground motion and for evaluating potential seismic hazards.
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In this paper, we combine the U-net-based phase picking method (PhaseNet) with Graphics Processing Unit-Based Match and Locate technology (GPU-M&L) and a deep-learning-based seismic signal de-noising method (DeepDenoiser) as a workflow for automatically extracting micro-seismic information from continuous raw seismic data. PhaseNet is first used to detect missed seismic phases by scanning through the 5-year continuous waveform data recorded at five broad-band stations in Hainan province. Then Rapid Earthquake Association and Location method (REAL), VELEST program (1-D inversion of velocities and hypocenter locating) and HypoDD (a double-difference locating method) are applied to associate seismic phases with events and to locate, respectively. This initially established catalogue can be served as the template for the following match-filter work. We choose events with a high signal-to-noise ratio (SNR) as templates and apply GPU-M&L to detect more small earthquakes which are difficult to pick by routine methods due to the low SNR. Then, a deep learning-based noise reduction technique named DeepDenoiser is applied to extract seismic signal from noise to provide a better picking of arrival time and then to improve the relocation effects. Finally, we use HypoDD to relocate these events with P- and S- wave arrival times picked by PhaseNet. Compared with the five events listed in the China Earthquake Networks Center routine catalogue, in this study, we detect and locate 977 earthquakes by following the above procedure. Our relocation results illustrate quite a complex distribution pattern of events due to the complicated fault system in the northeastern part of Hainan Province.
Keywords: seismicity and tectonics, machine learning, seismic signal denoising, phase picking, Hainan (China), fault monitoring and diagnosis
1 INTRODUCTION
The identification and location of small earthquakes play a key role in studying the nucleation of large earthquakes, the geometry of fault zones, the monitoring of tremors, low-frequency earthquakes, and micro-earthquakes caused by hydraulic fracturing. However, how to quickly extract small earthquake information from the massive raw continuous waveform data still poses a challenge to seismologists. The traditional phase-picking method is not sufficiently competent in detecting low-magnitude events due to the low signal-to-noise ratio (SNR). In recent years, various techniques for microearthquake detection and phase picking have been proposed, and they can be generally sorted into two main categories: waveform based and pick-based seismic detection.
The operation principle of waveform-based seismic detection is to scan continuous waveforms based on earthquake waveform similarity for finding missing seismic events. For earthquakes with similar focal mechanisms that occurred in adjacent areas, their waveforms show a high degree of similarity. Therefore, using identified seismic events a priori as the templates to scan over the continuous waveforms can effectively detect events with low SNR. Matching filter technology (MFT) based on waveform cross-correlation and stacking (Gibbons et al., 2006; Shelly David et al., 2007; Peng and Zhao, 2009), has been proposed and then widely used to detect low-magnitude seismic events. Shelly David et al., 2007 used MFT to detect non-volcanic tremor and low-frequency earthquake swarms and their results reveal the deep structure of seismogenic faults. Meng et al. (2013) applied the MFT method to the 2003 San Simeon earthquake, focusing on aftershock-triggering mechanisms and discussed the subsequent screening principle of the MFT detection events. This technique can detect more seismic events compared with conventional methods, however, its detection performance significantly depends on seismic template events.
In recent years, machine learning, especially deep learning, has been widely used in various scientific fields and has shown great efficiency (Ross et al., 2018; Bergen et al., 2019; Kong et al., 2019; Reichstein et al., 2019; Zhang et al., 2019; Zhou et al., 2019; Zhu and Beroza., 2019; Zhang et al., 2022; Mousavi and Beroza, 2022). Seismologists also apply the deep learning algorithm to the research of earthquake such as event identification, association, and classification. Compared with traditional calculation methods, the deep learning method has the advantages of high efficiency and time and labour saving. Machine learning builds a neural network through a large number of samples, either labelled or not.
Using the deep learning algorithm to identify and associate earthquake phases through the raw continuous waveforms, and then using the MFT algorithm to scan missing events recently has become a highly recognized workflow. Liu et al. (2020a) first combined MFT with deep learning phase-picking methods to construct a high-precision seismic catalogue of the 2019 Ridgecrest earthquake sequence. Zhang et al. (2022) integrated this set of methods into an automatic and pervasive end-to-end workflow (LOC-FLOW). Zhou et al. (2021) have proposed a similar automatic and systematic workflow, PALM, which is also based on different machine learning methods and MFT.
However, both machine learning and MFT techniques may produce false detections since the criteria of picking are based on probability value or cross-correlation threshold which are artificially set and may not be optimal in specific problems. In this study, we propose a new workflow which combines PhaseNet with GPU-M&L technology and DeepDenoiser to extract seismic event signals from continuous raw data. PhaseNet is first used to detect event signals by scanning through raw continuous data . The REAL (Zhang et al., 2019), VELEST (Kissling et al., 1995) and HypoDD (Waldhauser and Ellsworth, 2000) are applied to associate seismic phases with events and locate events, respectively. We select events with a high SNR as templates from the initial catalogue constructed by following the above procedure and apply the GPU-M&L to detect more small earthquakes which are difficult to detect by traditional methods. Then, DeepDenoiser is applied to further confirm the detection of seismic events and simultaneously to provide a better phase picking. Finally, HypoDD is utilized again to relocate these events.
In 1,605, an earthquake of magnitude 7.5 occurred near Haikou in the northeastern part of Hainan Province. This earthquake occurred near the east-west Maniao-Puqian fault system (MPF) and the NNW-trending Puqian-Qinglan fault system (PQF) which are both composed of several faults as shown in Figure 1. These two faults were very active in the Quaternary and controlled the development of the Cenozoic basin and the extent of Quaternary volcanism up to at least the Late Pleistocene (Wang, et al., 2021). The crustal movement in this area has been characterized by strong vertical rise and fall since the Neogene. Uneven subsidence under the control of the NNW trending faults has led to the formation of graben-horst structures. The MPF is a system of deeply extended faults that runs nearly east-west and has been active since the late Cenozoic. The MPF is cut by several NNW-oriented faults, including hidden and exposed faults. Based on the results of gravity measurements and seismic surveys, the faults in the PQF spread horizontally in parallel, in a complex graben-horst configuration. The seismicity of this fault system is weak in the south and strong in the north (Wang et al., 2021). Studying the long-term seismicity of these two faults and their surrounding area can help provide a data basis for analyzing the seismogenic mechanism and tectonic environment of the 1,605 Haikou paleo earthquake.
[image: Figure 1]FIGURE 1 | Map of the study area and fault systems. The insets in the upper left corner show the study area on a large map of Hainan Province and of China.
Based on the results of previous imaging of the subsurface structure in the area, there is a clearly tilted low-velocity anomaly in the crust. This low-velocity anomaly may be associated with the magma and fluids which have a deep root connected with the mantle plume (Lei et al., 2009; Lin et al., 2022). The study of seismic activity in this area will also provide a basis for studying the Hainan hotspot.
In this study, we apply our proposed new workflow to northeast Hainan to study the complex fault system by detecting the seismicity from 2014 to 2018.
2 METHODS
The three-component continuous waveform data from January 2014 to December 2018 with a 100 Hz sampling rate recorded by 5 stations are provided by Hainan Earthquake Administration. Only 5 earthquake events are provided from the CENC catalogue around the fault zone area within 5 years.
Firstly we use PhaseNet, an algorithm for identifying seismic phases based on deep learning, to pick up P- and S- phase signals. Secondly, based on the arrival of seismic phases, we use the REAL algorithm to associate them as seismic events. Thirdly, we use the absolute location method VELEST and the double-difference relative location algorithm HypoDD to locate events. Fourthly, we apply GPU-M&L which introduces a weighting factor of SNR on different traces of waveforms, to calculate the cross-correlation coefficient between each template with the 5-year continuous waveform. Fifthly, we use DeepDenoiser, a deep learning denoise algorithm to extract the noise from the signal to further confirm detections. Finally, we use HypoDD again to relocate all the remained earthquakes. The complete workflow is demonstrated in Figure 2 and the principles and technical details of the methods are described.
[image: Figure 2]FIGURE 2 | Schematic diagram of the workflow.
The phase-picking method based on deep learning - PhaseNet uses a large number of manually labelled seismic waveforms as its training set, providing a model that can label P- and S-wave arrivals with probability peaks. Considering the lack of a large number of seismic events in the Hainan region as training samples for transfer learning, we used the North California model trained by Zhu et al. (2019). This model has been widely applied to different countries and regions and has shown good results. Yen et al. (2021) applied PhaseNet with this model to build a high-resolution catalogue for the central Italy seismic sequence. Li et al. (2023) applied this model in Northeastern China to build a complete small earthquake catalogue to study the Magmatic system and seismicity of the Arxan volcanic group.
The continuous seismic waveform is rearranged as two groups with 15-second-interval and 30-second-long (i.e. 3,000 data points) windows for scanning. Before scanning, to optimize the scanning results and better apply the model, all the original seismic waveforms were temporally normalized without filtering or changing the sampling rate.
It is worth mentioning that we usually set a selection criterion for PhaseNet, which is called the threshold of probability. But this threshold itself does not represent the true positive detection possibility. We regard it as the degree of similarity between the actual processed data and the training set.
The Rapid Earthquake Association and Location technology (REAL) can be used to associate seismic phases and locate seismic events quickly and automatically. Combining the advantages of arrival time picking and waveform-based detection and location methods, the REAL method associates the arrival times of one event from different stations and determines the epicenters by calculating the number of P-wave and S-wave arrival times and travel time residuals.
Based on continuous waveform data recorded by 5 stations in northeast Hainan Province, we used the REAL method to perform association and preliminary location Considering that the 5 fixed stations have a wide distribution range and the average distance between stations is more than 50 km, when at least 5P and 3S phases of a certain earthquake have been recorded, respectively, they will be associated as an event. VELEST, an absolute locating method based on a 1D velocity model and HypoDD, a double-difference locating method were applied to the REAL results to refine the location. VELEST can give an updated 1D velocity model by iteration. Our initial model incorporates previous tomography studies (Lei et al., 2009; Huang, 2014) in the Hainan region and this 1D model is further updated using VELEST to provide better-locating results.
The M&L technology developed by Zhang and Wen. (2015) can give the locations of the events while running the template cross-correlation scanning. While the waveform is being slide-scanned, M&L will search the gridded 3D space in the limited detection area. At each potential position, the travel time difference will be calculated to revise the superimposition result of the cross-correlation waveform. On this basis, Liu et al. (2019) optimized the original M&L program and parallelized processing based on GPU acceleration. The difference between GPU-M&L and M&L is 1) to add a weight factor to each component of the template to improve the detection ability; 2) to implement the M&L method on the GPU to speed up the calculation. The data-trace with a high signal-to-noise ratio will be given higher weight in the step of cross-correlation and superposition.
The operation of the MFT requires that a template is provided and its sensitivity is also highly dependent on the consistency of the waveform between the template and the event to be detected. The application of PhaseNet and REAL to the original waveform can supplement template events for the template matching method, thereby improving the ability to detect missing small earthquake events. In this study, in addition to the earthquake catalogue provided by the Hainan Earthquake Administration, the earthquakes detected by the PhaseNet and REAL methods were also screened and supplemented as template events to improve the detection capabilities of GPU-M&L.
DeepDenoiser is a seismic signal de-noising program developed by Zhu et al. (2019) based on a convolution neural network. After the training of a large number of samples, this program shows good de-noising ability and can perform well in many cases with a low signal-to-noise ratio. DeepDenoiser identifies the time-spectrum image of the input window signal, suppresses the signal which is considered as noise and provides a lossless effective seismic signal. In addition, the event phases after DeepDenoiser are easier to be picked by PhaseNet, so we use PhaseNet to re-mark the de-noised events again. This can provide more accurate and reliable arrival information for event relocation. It is worth mentioning that in previous studies, deep-learning-based frequency-domain seismic signal de-noising usually follows training using specific data (Saad and Chen, 2021; Dahmen et al., 2022; Dong et al., 2022; Yang et al., 2022). The re-trained models have better noise reduction for the data in the specific regions. In our case, we directly use the DeepDenoiser with the North California model without re-training because of the insufficiency of the seismic event data. Since the noise statistics are automatically learned from the data without any assumptions (Zhu et al., 2019), DeepDenoiser can correctly handle various noise signals, hence providing a generalization in the data from different area. It is still recommended to use fine-tuning and re-training models for denoising when sufficient data is available.
3 RESULTS
We applied PhaseNet to scan the 5-year continuous waveforms from 2014 to 2018 at 5 stations in northeast Hainan province to pick the seismic phases. PhaseNet effectively detected the P-wave and S-wave phases in continuous seismic data as shown in Figure 3.
[image: Figure 3]FIGURE 3 | PhaseNet picking diagrams showing a new detected event with picked P (green) and S (purple) phases.
To make the data more suitable for the trained neural network parameter model, we applied the Z-score to normalize the data. The data are rearranged as two groups with 15-second-interval and 30-second-long (i.e. 3,000 data points) windows for scanning. From all continuous waveforms, a total of about 102P-wave and 60 S-wave arrivals have been detected.
The REAL earthquake association and the initial location are then calculated by grid search based on the travel time residual (Zhang et al., 2019). In this study, the horizontal direction of the search area is set to 0.4 × 0.4°with grid size of 0.02 × 0.02, and the depth ranges from 0 to 20 km with a grid size of 2 km. The grid centre is located at the station. Only events associated with over 3P-phases and over 5P- or S- phases will be retained, The selection criterion depends on the number of stations and the quality of the data. Their location will be initially determined on the grid with the largest number of phases. When there are the most identical choices, the grid with the smallest travel time will be selected. Then the absolute locating algorithm VELEST and double-difference relocation method HypoDD is applied to refine the location results.
In the study area, a total of 9 events were scanned and successfully associated. These events include all 5 events recorded in the routine catalogue provided by CENC. 7 of the events detected by the workflow with high SNR and clear phase, whose magnitudes range from 2.3 to 3.4 were relocated and used as template events. The determination of the magnitude of the detected events is calculated based on the widely used relationship between amplitude and local magnitude (Hutton and Boore, 1987).
We then applied the GPU-M&L to the continuous waveform data recorded by the five stations QSL, QXL, DAN, CHM and HSK around the fault. To improve the effect of the template matching process and the reliability of the processing results again, we make certain pre-processing for the waveforms of the continuous waveform and the template event, which includes down-sampling to 20 Hz, de-meaning, de-linearizing trend and filtering to 1–10 Hz. In addition, for the template events, the arrival time information of the P-wave and S-wave is given by the phase information picked up by PhaseNet. Based on this time information marking, the signal-to-noise ratio of each component of the template event is calculated. The data with high SNR are attached to higher weighting factors in the step of template matching, cross-correlation and stacking.
1,450 events have been detected by GPU-M&L with a magnitude larger than −1.0. The events with a weighted average cross-correlation coefficient greater than a threshold are selected as positive detection. Figure 4 shows a schematic diagram of cross-correlation threshold selection.
[image: Figure 4]FIGURE 4 | An example of template matching scan result. (A). Correlation function for template event with a 3,000-s continuous waveform. (B). A histogram of average correlation values is shown. (C). Continuous waveforms are shown in grey and template event waveforms are in red for each component of 5 CENC stations.
We first use the conventional Tau-P calculated theoretical arriving time to mark the P- and S- phases on event files. Then we apply DeepDenoiser to extract seismic signals. After that, we update the P- and S- marks with the arrival times provided by PhaseNet (Figure 5). Figure 6 shows the time-magnitude diagram of all the events scanned by GPU-M&L and those further confirmed with DeepDenoiser and PhaseNet.
[image: Figure 5]FIGURE 5 | An event detected with a CC of 0.37. The arrival time has been revised by DeepDenoiser and Phasenet and the waveform signal is much clearer after de-noising.
[image: Figure 6]FIGURE 6 | Time-magnitude diagram of all the events detected by GPU-M&L (blue) and those confirmed with DeepDenoiser and PhaseNet (red).
Then we use HypoDD to constrain and relocate events. In the HypoDD algorithm, we set the weights of the arrival of P waves and S waves as 1.0 and 0.5, respectively. A catalogue of 977 events is finally confirmed with a reliable location. Figure 7 shows the final relocation results of events. A large number of small earthquakes were detected along the boundary of the MPF and PQF zones. 228 out of 977 (23.34%) events of the catalogue are detected by the new template events by PhaseNet. They also fill a large portion of the seismic catalog spatially, providing a big database to delineate the fault feature.
[image: Figure 7]FIGURE 7 | Final relocation result of microseismic events. The colour of the circles represents the source depth. And the size of the circles is proportional to the magnitude.
The three-dimensional relocation results of the final complete catalogue show a complex geometry. As we can see, both MPF and PQF are composed of a series of parallel or oblique secondary faults with similar inclinations. We notice that there are inclination differences between the deep and shallow events. Combined with the historical seismic observation records (Wang et al., 2021), it can be inferred that the fault strike in the deep part of the PQF is inconsistent with the shallow part, and it is closer to the north-south direction in the deep. The fault zones in the study area are heterogeneous in seismicity accompanied by complex fault subsidence activity.
4 DISCUSSION AND CONCLUSION
A key issue of automated small earthquake identification and detection technology based on machine learning and template matching is how to evaluate its accuracy. The identification performance of MFT for small earthquakes is powerful, but how to ensure that detected events are earthquake events is very important. Most of the constraints on detected events in the past work are limited to the setting of the cross-correlation coefficient threshold and the absolute median deviation threshold. A sufficiently high threshold usually represents higher detection reliability. However, on the other hand, it also means probably more events will be missed due to the high threshold. For different research areas and research purposes, the setting of this threshold is different. Different cross-correlation coefficient thresholds and MAD thresholds have been used in numerous previous works on MFT (Gibbons et al., 2006; Shelly David et al., 2007; Peng and Zhao, 2009; Meng et al., 2013; Liu et al., 2020b; Zhang et al., 2022; Zhou et al., 2021). These adjustments were derived from the experience of the data processors and feedback on the evaluation of the results. This has led to difficulties in establishing a systematic workflow and selecting criteria for specific research questions in specific regions. There have been some previous studies on the confirmation of the accuracy of the template matching results. Liu et al. (2019) used the methods of waveform envelope and spectrum analysis to preliminarily evaluate the robustness of event detection over a period of time. In our research, we used the DeepDenoiser method to de-noise and the PhaseNet method to re-mark, combined with the location process, to finally determine all the detection events. It seems that there is no evidence that events with higher cross-correlation values have higher credibility. The cross-correlation value only makes a certain degree of mathematical judgment on the similarity of signals. Higher than a certain cross-correlation threshold can only indicate that the event is similar to the template event to some extent, instead of proving that the event is more like an earthquake. We found a few false events with high cross-correlation values—many of which are just pulse-shaped noise. This requires us to be vigilant when using technologies like MFT. We still need to consider the application scenarios of various technologies and optimize them.
The mechanism of the Qiongshan M7.5 earthquake and the environment for the formation of the structure has always been a concern of scientists. According to Wang et al. (2021), this paleoseismic event influenced the terrestrial subsidence in northeastern Hainan, which is mainly controlled by the MPF and PQF systems. The tectonic activity of subsidence in this region is heterogeneous, characterized by significant differential lifting and subsidence. Our results show that the spatial distribution of small earthquakes is strongly correlated with these two faults and their secondary branches. As we have seen from our relocation, the network of conjugate faults consisting of the MPF and PQF zones plays a crucial role in the seismic activity which leads to a complex distribution of small earthquakes without a typical linear trend. In addition, the rise of these faults constitute a graben-horst structure, which also makes the distribution of small earthquakes have no dominant focal depth. Earthquakes that occurred on the MPF indicate that the fault system is more active in the eastern section which is influenced by the intersection with the PQF.
Lei et al. (2009) discussed in detail the effects of hot spots on Hainan Island and mantle plume activities. According to the previous subsurface velocity structure tomography (Huang, 2014; Lei et al., 2019; Lin et al., 2022) in the Hainan area, low-velocity anomalies are distributed from the lower mantle to the crust in this area, which is inferred to be related to the mantle plume. As seen in Figure 8, there is a gap zone of small earthquakes along the PQF in the range of 10–20 km. As given in Figure 7, there is a strike difference in the linear distribution of small earthquakes between the deep and shallow parts, that is, the small earthquakes in the deep part (red circles) tend to occur more in the north-south direction. We infer that may be related to fluids which could influence the tectonic activity in this area.
[image: Figure 8]FIGURE 8 | Final 3D relocation results of 977 events. The red dash lines indicate the distribution of the fault system. (A, C) and (B, D) have different viewpoints of the location results. In (C) and (D), grey dashed lines are used to indicate the fault position and the dip angles inferred from the fault surface locations and the distribution of the detected events.
In summary, this study proposes a systematic and automated small earthquake detection and location workflow. We introduce DeepDenoiser into the workflow to improve the reliability of detection which has not been addressed in traditional MFT and machine learning methods for identifying small earthquakes. We applied this method to a set of fault zones in Hainan, and by scanning with only 7 templates we finalized a catalogue of 977 events over a 5-year period. These earthquakes are generally distributed along the strike direction of the MPF and PQF, meanwhile also exhibit some much smaller branch faults which reveal a complex multiple conjugate fault system beneath the study area.
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The main components of seismo-electromagnetic research are the deep underground electromagnetic seismogenic environment, electromagnetic field changes at different stages of the seismogenic process, and the physical mechanism and change rules of electromagnetic properties of the earth’s interior. Traditional electric and magnetic methods mainly analyze the single field change of the geoelectric field, geomagnetic field, or resistivity at frequencies less than 1 Hz. These do not include the extremely low-frequency band that is sensitive to seismic events, so it is difficult to obtain the characteristics of time-spatial variations and propagation characteristics precursors. In comparison, magnetotelluric stations observe magnetotelluric fields containing seismogenic-induced electromagnetic disturbances, and the observation frequency band is wide. In this paper, the three-dimensional numerical simulation method is used to calculate the magnetotelluric apparent resistivity anomaly generated by resistivity changes in the seismogenic zone, and the forward algorithm of arbitrarily orientated dipole source in layered earth is used to simulate the response of low-frequency pre-earthquake electromagnetic radiation. The magnetotelluric response including seismogenic resistivity anomaly and pre-earthquake electromagnetic radiation is obtained using the field component composition method. The frequency characteristics and spatial distribution characteristics of apparent resistivity anomalies are systematically analyzed, and the results are of important significance for the observation, data processing, and identification and analysis of seismic electromagnetic anomalies in different seismogenic processes.
Keywords: seismogenic resistivity anomaly, pre-earthquake electromagnetic emissions, electric dipole source response, magnetotelluric response, apparent resistivity
1 INTRODUCTION
Physical quantities that can be related to electromagnetic anomalies in the earthquake developing process mainly include earth resistivity, geomagnetic field, geoelectric field, electromagnetic induction field, and electromagnetic radiation (Zhao et al., 2022). In a deep underground electromagnetic seismogenic environment, changes in the electromagnetic field in the seismogenic process, and the physical mechanism and change characteristics of electromagnetic properties of the earth’s interior are the main contents of seismo-electromagnetic research (Mao, 1986). Since the 1960s, there has been systematic research and observations of seismogenic electromagnetic phenomena in China. Observation stations have been successively set up in key earthquake risk areas for long-term observation of the geomagnetic field, geoelectric field, earth resistivity, magnetotelluric field, and electromagnetic radiation (Pan, 1998), recording a large number of electromagnetic precursors (Huang et al., 2017). In 2018, the experimental satellite Zhang Heng No.1 was launched for seismic electromagnetic monitoring in China; from this, a space-ground joint seismic electromagnetic monitoring system was established (Zhang et al., 2020). During this period, there has been theoretical and experimental research on the mechanism of earthquake electromagnetic precursors, distribution laws and propagation characteristics, correlation with seismic activity, and information extraction (Huang, 2002; Ma, 2002; Wang et al., 2005; Ding, 2009; Gao and Hu, 2010; Du, 2011; Huang et al., 2015; Ren et al., 2015; 2016; Zhou et al., 2017). These results confirm that the earthquake preparation process does cause electromagnetic anomalies, summarize the characteristics of temporal and spatial variations of seismic electromagnetic anomalies, and use numerical simulations to try to explain the generation mechanism and propagation selective phenomena of seismic electromagnetic signals and focus on numerical simulation research on the mechanism of earthquake electromagnetic co-seismic or post-earthquake attenuation (Gao et al., 2016; Hu et al., 2011), but there is still a lack of strong quantitative explanations for the identification characteristics of electromagnetic anomalies caused by the seismogenesis process.
The early earthquake precursor observation and data analysis methods in China have mainly used traditional electrical and magnetic methods to observe the changes in the geoelectric field, geomagnetic field ([image: image] 1 Hz), or the earth direct current (DC) resistivity. It is difficult to obtain the time-spatial change and propagation characteristics of seismo-electromagnetic precursor from these observation data including no ultra-low frequency (ULF)/extremely low frequency (ELF) band signals which may be more sensitive to seismic events. At the same time, individual field component is easily affected by the changes in the earth’s electromagnetic environment and by human activity. Because these changes and disturbances are random events, they cause great difficulty in the identification of seismic electromagnetic anomalies. During the period 2007–2009, 12 magnetotelluric stations were set to observe the alternating geo-electromagnetic field, the data is mainly used for the study of electromagnetic field background changes (Zhao et al., 2010; Fan et al., 2013), and less for extracting seismic electromagnetic anomaly information (Gao et al., 2010; 2013). During 2011–2015, an ELF electromagnetic observation network for seismic anomaly monitoring has been set up (with the support of major national science and technology infrastructure projects) in the capital circle and the southern section of the North-South Earthquake Belts, which makes it possible to use magnetotelluric impedance for seismic electromagnetic anomaly monitoring. This network can not only observe natural source signals for magnetotelluric sounding, but it can also receive signals of a given frequency regularly sent by a long-distance high-power transmitter to improve the signal-to-noise ratio of the natural source in the low energy window frequency band and reduce the error of the data. Then the apparent resistivity and other observational data will have a higher sensitivity to the anomalies of the underground resistivity structure (Zhao et al., 2012).
The magnetotelluric sounding method based on the principle of electromagnetic induction has the characteristics of the wide frequency band and multi-component observation. Using magnetotelluric data from stations to identify and extract seismic electromagnetic anomaly information has the following advantages. 1) In data processing, the ratio of the mutually orthogonal electric and magnetic field is used to obtain the electromagnetic impedance of the earth and then the apparent resistivity and impedance phase information. This method can automatically eliminate the influence of magnetotelluric field changes of any frequency caused by the change of the earth’s electromagnetic environment. 2) Reliable regional background resistivity information at different depths can be obtained from long-term observations by the network, which is convenient for identifying and extracting resistivity anomalies. 3) The seismogenic resistivity anomaly has the characteristic of slow change over a long time, which is easy to distinguish from human activity and local spatial change. 4) Allows for better comprehensive analysis, the electromagnetic impedance anomaly of a magnetotelluric station not only includes the change in the resistivity of the underlying earth formation caused by stress change and fracture development in the adjacent areas but also includes the electromagnetic radiation information generated by pressure in the rock formation.
In many cases, the earth can be represented as a horizontally stratified medium with homogeneous and isotropic properties in each layer (Wait, 1951). In this paper, we introduce a three-dimensional low resistivity anomaly in the horizontally layered stratum model designed to simulate the change of the earth’s resistivity in the seismogenic zone, the electromagnetic impedance response in a large spatial range is calculated and its characteristics with frequency and space variation have been analyzed. Assuming that the electromagnetic radiation in the seismogenic region is equivalent to the vector electric dipole radiation source, the electromagnetic impedance response of electric dipole of different orientations is calculated and its characteristics of responses are analyzed. Finally, the dipole source response and magnetotelluric response are synthesized to simulate the observed response of the seismic electromagnetic anomaly by the magnetotelluric stations. From the perspective of 3D numerical simulation, we analyze the characteristics of an electromagnetic anomaly caused by earth resistivity changes and electromagnetic radiation during the pre-seismic period and propose methods to identify and extract different seismic electromagnetic anomalies. This will then provide theoretical support for extremely low-frequency electromagnetic observations used to monitor seismic electromagnetic anomalies.
2 MODEL DESIGN
This study concentrates on observations and processing of magnetotelluric data within a limited spatial area. Based on the one-dimensional (1D) horizontal layered stratum model, the 3D low resistivity anomaly is added to the high resistivity stratum to simulate the resistivity change caused by fracture development in the seismogenic area. The electromagnetic radiation generated by the sudden change of stress in the seismogenic center area before the earthquake is simulated with an inclined electric dipole source at depth.
The designed model structure is shown in Figure 1, where we use the x-y-z rectangular coordinate system with z = 0 at the ground surface and positive upward. Figure 1A shows the x-z resistivity section at y = 0 (shown by the dotted line in Figure 1B) of the horizontally layered model with a 3D low resistivity anomaly. Figure 1B is an x-y slice of resistivity at a depth of 10 km (as shown by the dotted line in Figure 1A), showing the plane structure of the 3D low resistivity anomaly. The top earth layer is a low-resistance cover layer with a thickness of [image: image] and resistivity of [image: image]. The second layer is a high resistance intermediate layer, with a thickness of [image: image] and resistivity of [image: image]. The bottom of the model (lower crust) is a low resistivity half space (h3→∞) with the resistivity of [image: image]. The atmosphere is above the ground surface and its resistivity is set to [image: image] The embedded 3D low-resistivity anomaly is a flat, low-resistivity wedge-shaped body located in the middle of the high-resistivity layer of the model. The core region of the 3D body is a low resistivity (10 [image: image]) cuboid with a length (y-direction) of 105 km, a width (x-direction) of 25 km, and a height (z-direction) of 4 km, centered at (0, 0, −10 km) to simulate the seismogenic core area extending along the fault zone. The resistivity outside the cuboid core increases by 20, 30, 50, 100, and 300 Ωm in steps of 5 km along the x-axis, and the extension range reaches ±37.5 km in the x-direction. The resistivity along the y-axis increases as the same as in the x-direction but by 10 km spatial steps, forming two triangular anomalous bodies whose resistivity gradually increases as distance in the x-direction from the center point in the x-y plane. This structure is used to simulate the change of the formation resistivity near the seismogenic core area. The buried inclined electric dipole (small white arrow in Figure 1A), which simulates the electromagnetic radiation source, is located at (0, 0, −10 km), with an azimuth of θ=0° and inclination of φ=30 [image: image]. Unless otherwise specified, the permeability parameter and dielectric constant are set to [image: image] and [image: image], respectively.
[image: Figure 1]FIGURE 1 | Horizontal layered and 3D low resistivity anomaly model using the x-y-z rectangular coordinate system with z=0 at the ground surface and positive upward (A) Is the resistivity x-z section, and (B) is the resistivity x-y plane slice at a depth of 10 km (z = −10 km).
3 3D MAGNETOTELLURIC RESPONSE SIMULATION
Using 3D simulation software to calculate the magnetotelluric response of the horizontally layered model with the 3D low resistivity anomaly shown in Figure 1, we can obtain the apparent resistivity and phase information of the xy and yx components at the ground observation site. Figure 2 shows contour maps of the apparent resistivity of the two principal component elements with frequencies of 0.1, 0.05, and 0.01 Hz, respectively. Because the model structure is symmetrical, we only show quadrant 1 (with x=0–400 km and y=0–300 km) to investigate the distribution of electromagnetic impedance response. In Figure 2, white ladder lines are used to mark the corresponding positions and boundaries of the 3D low resistivity anomalous body at depth. Different color scales are used in contour maps because the amplitude of different frequency responses varies greatly.
[image: Figure 2]FIGURE 2 | Contour maps of the spatial distribution of the apparent resistivity of the two principal components of the 3D model. (A,C,E) are the ρxy at the frequency of 0.1 Hz, 0.05 Hz, 0.01 Hz respectively; (B,D,F) are the ρyx at the frequency of 0.1 Hz, 0.05 Hz, 0.01 Hz respectively. 
It can be seen from Figure 2 that 1) generally, the existence of a 3D low resistivity anomaly causes the apparent resistivity value above and near the 3D body to be significantly reduced. 2) The amplitude of the apparent resistivity anomaly is largest just above the 3D low resistivity body, and gradually decreases to background value with increasing distance from the boundary of the 3D low resistivity body, and the attenuation distance increases with decreasing frequency. For example, the distance of the [image: image] anomaly decrease to zero on the x-axis is about 80 km when f=0.1 Hz, and about 180 km when f=0.01 Hz 3) The maximum amplitude of the apparent resistivity anomaly occurs at a lower frequency, that because the top surface of the 3D low resistivity anomaly body is buried at a depth of 8 km and has a low-resistivity overburden with a thickness of 2 km, as shown in Figure 1A. 4) Compared with [image: image]; [image: image] has a larger apparent resistivity value, apparent resistivity anomaly amplitude, and anomaly distribution range, which may be because the electrical principal axis of the 3D low resistivity anomaly body is in the y-direction, and [image: image] closer to the response of TM (transverse magnetic) polarization mode. 5) When f=0.05 Hz, the decay rate of [image: image] in the x-direction, outside the 3D low resistivity anomaly, becomes faster and shows a small enhancement (positive anomaly) after attenuating to zero. With the frequency reduced to f=0.01 Hz, the apparent resistivity anomaly outside the 3D low resistivity anomaly has changed from negative to positive, and the amplitude and extension range of the positive anomaly has increased. Correspondingly, a similar phenomenon occurs in the y-direction for [image: image], and the amplitude and coverage of positive anomalies are larger than that of [image: image].
To quantitatively evaluate the sensitivity of the magnetotelluric response observed at the stations to the seismogenic resistivity anomaly, Figure 3 shows the ratio curve of the responses of the measuring sites at different offsets along the radial x) direction and axial y) direction of the 3D low resistivity anomaly to the responses of the 1D horizontal layered model of the corresponding measuring sites. The offsets of the measuring sites are 0, 10, 25, 50, 100, 200, and 400 km, respectively. The curve with a ratio of 1 represents the response of a 1D layered model, which is not disturbed by the 3D low resistivity anomaly. If the ratio is larger than 1, the apparent resistivity value increases, making this a positive anomaly. A ratio less than 1 indicates that the apparent resistivity value decreases, that is, a negative anomaly. Because the model contains the 3D low resistivity anomaly, the ratio curve should be dominated by negative anomalies, and how much the ratio deviates from 1 is the amplitude of the anomaly. The apparent resistivity ratio curve in Figure 3 shows that: 1) The influence of 3D low resistivity anomaly begins in the low-frequency band below 5 Hz. 2) In the frequency band of about 1∼5 Hz, the apparent resistivity ratio curve shows a positive abnormal overshoot, which is the intrinsic characteristic of the magnetotelluric response. The amplitude of overshoot is largest at zero offsets (up to about 7%) and decreases with an increasing offset; is approaching zero for x offset is greater than or equal to 50 km and while y offset is greater than or equal to 100 km. 3) Generally, in the low-frequency band below 1Hz, the ratio curve is dominated by negative anomalies, and the amplitude of the negative anomaly decreases with increasing offset distance. At the same offset distance, the amplitude of the [image: image] curve is less than the amplitude of the [image: image] curve. For example, at zero offset distance, there is a maximum negative anomaly near the frequency of about 0.13 Hz, the ratio of the [image: image] can reach about −11% and the ratio of the [image: image] can reach about −25%. 4) In the frequency band below 0.1 Hz, the ratio curve of [image: image] with an offset of greater than or equal to 50 km along the x-axis shows a small positive anomaly. When the [image: image] offset is 50 km, the maximum positive anomaly reaches about 2.5%, and the positive anomaly amplitude decreases rapidly with the increasing offset. When the [image: image] offset along the y-axis is equal to 50 km, a small positive anomaly appears at about 0.013 Hz, and the amplitude is close to 2%. When the offset is equal to 100 km, the [image: image] curve starts to show a positive anomaly at about 0.1 Hz, with an amplitude of about 2%, which decreases rapidly to zero with the further increasing offset. 5) It should be pointed out that the boundaries of the 3D anomalous body are at 37.5 km in the +x direction and 52.5 km in the +y direction, that is, the overshoot anomaly in the frequency band of 1–5 Hz can only be identified within the range of the 3D body; while identifiable weak positive anomalies for the low-frequency band below 0.1 Hz may only appear in the area outside the anomalous body.
[image: Figure 3]FIGURE 3 | Apparent resistivity ratio of the three-dimensional model to one-dimensional layered model for measuring sites of different offsets along x- and y-direction. (A) and (B) are the ρxy/ρ1D along x and y direction respectively; (C) and (D) are the ρxy/ρ1D along x and y direction respectively.
The apparent resistivity method is one of the earliest geophysical methods used for earthquake precursor monitoring in China. After years of observation and research, Qian et al. (1982) and Zhang et al. (1996) successively summarized the characteristics of the apparent resistivity anomaly before earthquakes: 1) The apparent resistivity anomaly before earthquakes can be divided into a long-trend anomaly and impending anomaly. 2) Before the earthquake, the apparent resistivity is mostly a decreasing anomaly, though some increasing changes have also been observed. The anomaly amplitude decreases with increasing epicenter distance. 3) Before the earthquake, the long trend anomaly extends outward from the epicenter area, extending out to 150 km. 4) The anomalies are directional. 5) The standard deviation of the monthly average value of the active source apparent resistivity observation method should be less than 0.5%. If the apparent resistivity has a continuous multipoint trend change and the amplitude exceeds 3 times the standard error, it can be identified as the anomaly. Our simulation results described above provide a theoretical basis for the characteristics of the apparent resistivity anomaly in the seismogenic area summarized by precursors and verify the identification rule of the resistivity anomaly.
4 RESPONSE SIMULATION OF ELECTRIC DIPOLE SOURCE IN THE EARTH
The electromagnetic responses of the electric dipole source in the horizontally layered earth are calculated using the algorithm by Hu et al. (2023), and the propagation characteristics of the electric dipole source radiation field in earth and its influence on ground observations have been investigated. For comparative studies, the responses of a horizontal and an incline electric dipole in uniform earth and horizontally layered earth are calculated and analyzed respectively.
4.1 Response of an electric dipole source in a uniform earth
An x-direction horizontal electric dipole source (azimuth angle [image: image] =0 [image: image], dip angle [image: image] =0 [image: image]), and an inclined electric dipole source (azimuth angle [image: image] =0 [image: image], dip angle [image: image] =30 [image: image]) are set to located at a depth of 10 km in a uniform earth with the resistivity of 104 Ωm. The apparent resistivity and phase are calculated for observation sites at the earth’s surface with 25, 50, 100, 200, and 400 km offset in the x-direction and y-direction respectively. Figure 4 shows the curves of apparent resistivity and phase excited by a horizontal electric dipole source and observed at the earth’s surface with different offsets. Figures 4A, B show the apparent resistivity [image: image] (above) and phase [image: image] curve (below), and Figures 4C, D show the [image: image] and [image: image] with different offsets in the x- and y-directions respectively. In general, all apparent resistivity and phase curves show similar variation patterns with frequency and offset but have slightly different changing rates. When the frequency is high enough, the dipole source field meets the far-field condition, the apparent resistivity value obtained is close to the true resistivity value (104 Ωm) of the medium, and the impedance phase is about 45 [image: image], which is a typical plane wave electromagnetic response. When the frequency is low enough, the apparent resistivity and phase of the dipole source field response have typical near-field characteristics, meaning that with decreasing frequency, the apparent resistivity sharply increases, while the impedance phase correspondingly decreases to zero. Curves of [image: image] and [image: image] along the x direction have almost the same pattern and values as curves along the y direction for the corresponding offset, this means the [image: image] and [image: image] responses excited by horizontal electric dipole have spatial symmetry in the x-y plane; while the [image: image] and [image: image] responses along x direction show slightly different variation rates and frequency feature from responses along the y direction, this indicates the [image: image] and [image: image] responses have no symmetry in the x-y plane.
[image: Figure 4]FIGURE 4 | Apparent resistivity and phase response of a horizontal dipole source in a homogeneous earth for measuring sites of different offsets along x- and y-direction. (A) and (B) are the ρxy and φxy of measuring sites along x and y direction respectively; (C) and (D) are the ρyx and φyx of measuring sites along x and y direction respectively.
For the field responses of horizontal electric dipole source, the area with an offset greater than [image: image] (λ-wavelength) can be regarded as the far field, while the area with an offset less than [image: image] as the near field. As the frequency decreases, the apparent resistivity starts to deviate from the far-field value at the frequency corresponding to wavelength [image: image], where d is the offset along x or y direction; and increases exponentially at the frequency corresponding to wavelength [image: image], indicating of near field response pattern. The apparent resistivity response at the transition zone between frequencies corresponding to [image: image] and [image: image] shows somewhat complicated variations, first increasing slightly, and then returning to the far-field value at the frequency corresponding to wavelength [image: image], and then decreases slightly. The impedance phase starts to deviate slightly by 45 [image: image] at the frequency corresponding to [image: image], and recovers to the far-field value at the frequency corresponding to [image: image], then decreases slowly to zero as decreasing frequency.
Since the impedance response of the vertical electric dipole source does not have plane wave characteristics as defined by the field responses observed on the ground, it is not presented here. For the field of an inclined dipole source in the earth, the field responses observed on the ground will be affected by the vertical source field, which is much different from the field of a simple horizontal dipole source. Figure 5 shows the curves of apparent resistivity and phase excited by a 30° inclined electric dipole source at 10 km deep from the earth’s surface, Figures 5A, B show [image: image] and [image: image] curves, and Figures 5C, D show [image: image] and [image: image] responses observed at earth surface with different offsets in the x- and y-directions respectively. The basic features of apparent resistivity and phase responses of the inclined dipole mainly follow the typical response patterns of the horizontal dipole with frequencies and offsets. The curves of [image: image], [image: image] along the y-direction, and [image: image], [image: image] along x-direction do not show much effect by vertical dipole responses; while responses of [image: image], [image: image] along x-direction show some effect of vertical dipole especially for small offsets; but responses of [image: image], [image: image] have been severely affected by vertical dipole responses. It can be seen from Figure 5D that the [image: image] and [image: image] curves in the y-direction show oscillating feature in the far field zone with decreasing amplitude as frequency. The responses of the horizontal electric dipole source also oscillate, though the amplitude is very small and difficult to identify. Thus one of the effects of the vertical source field is to amplify this oscillation. The apparent resistivity response in the transition zone shows a negative overshot with a large amplitude at the frequency corresponding to [image: image]. The impedance phase curve also shows a small amplitude oscillation in the high-frequency band of the far field; starts rising rapidly from close to 45° approaching +180° at the frequency corresponding to [image: image], and drops sharply toward −180° at the frequency corresponding to [image: image]; and then rises to zero slowly. It can be seen that the frequency characteristics and spatial distribution characteristics of magnetotelluric responses observed on the ground may become extremely complex if an arbitrarily orientated electric dipole source at depth exists at the same time.
[image: Figure 5]FIGURE 5 | Apparent resistivity and phase response of an inclined dipole source in a homogeneous earth for measuring sites of different offsets along x- and y-direction. (A) and (B) are the ρxy and φxy of measuring sites along x and y direction respectively; (C) and (D) are the ρyx and φyx of measuring sites along x and y direction respectively.
4.2 Response of electric dipole source in the three-layer model.
The frequency characteristics of apparent resistivity and phase response of electric dipole in layered earth medium may become complex due to the difference in sensitivity of different frequencies to different depths. Figure 6 shows the apparent resistivity and phase curves of the horizontal electric dipole source with different offsets along the x - and y-directions in the three-layer earth model. Note that the impedance phases of the two principal component elements have been corrected to the 45 [image: image] baseline. The parameters of the three-layer model are set and described in Figure 1A, and the horizontal dipole source in the x-direction is located at a depth of 10 km. In general, the near- and far-field characteristics of the frequency response excited by the horizontal electric dipole source shown in Figure 6 are still obvious for both apparent resistivity and phase curves. That is, in the high-frequency band, the apparent resistivity value tends to the resistivity of the surface layer, and the impedance phase tends to 45 [image: image]; however, in the low-frequency band, the apparent resistivity increases sharply and the phase decreases to zero. The shape of the frequency response curve becomes complex due to the influence of different resistivity layers, especially the conductive cover layer, and it is difficult to define the far/near field transition frequency as well as the oscillation and jump of the phase curve. Figure 6A shows the most complex changes of the [image: image] and [image: image] curves in the x-direction. Although the far-field apparent resistivity value is about 20 [image: image], the frequency from the far-field to the transition zone is not much different from the transition frequency as shown in Figure 4 for resistive half-space, especially for large offsets where the resistive layer below the surface has dominant effects. For small offsets (<100 km), the apparent resistivity rises to a certain extent, then starts to decline, and then rises again in the near field zone; this may be a reflection of the layered electrical structure. The smaller the offset, the greater the amplitude of the apparent resistivity rises, with a maximum of about 3000 Ωm which is approaching the resistivity of 104 [image: image] for the resistive layer. With increasing offset, the amplitude and frequency band of the formation change effect decreases, and the near-field influence characteristics become prominent. The far-field value of [image: image] is about 45 [image: image], showing a jump to +180 [image: image] at the transition section, and then gradually return to zero. The jump in corresponding frequency is lower than the phase jump frequency of the uniform high-resistance earth in Figure 4. Figure 6B shows the response of the [image: image] and [image: image] in the y-direction. Compared with the [image: image] and [image: image] response in the x direction, the apparent resistivity responses have the same variation pattern, but the variation amplitude of the curve is smaller. The change of phase curve is gentle, and shows characteristics of dipole source response; only the curve with an offset of 25 km appears a positive jump at transition frequency. The curves of [image: image] and [image: image] in the x- and y-direction as shown in Figures 6C, D reflect the basic characteristics of the dipole source response and again show perfect symmetry. The frequency of the apparent resistivity and phase curves with different offset distances from the far field zone to the transition zone is close to the response of the homogeneous resistive earth as shown in Figure 4. After entering the near-field zone, the apparent resistivity curve rises slowly, and then rises at a similar rate near 1 Hz, approaching 104 Ωm for all offsets. When the offset is 400 km, the apparent resistivity shows a large negative overshot and the phase shows a jump in the transition zone.
[image: Figure 6]FIGURE 6 | Apparent resistivity and phase curves of the horizontal electric dipole source in a three-layer earth model for measuring sites of different offsets along x- and y-direction. (A) and (B) are the ρxy and φxy of measuring sites along x and y direction respectively; (C) and (D) are the ρyx and φyx of measuring sites along x and y direction respectively.
It can be seen from the above analyses that the electromagnetic response of the horizontal electric dipole source in the layered stratum can reflect the basic characteristics of the dipole source field. However, because of the influence of layered electrical structure, the frequency response curves in different directions, differing offsets, and polarization modes may have complex shapes and variation characteristics. To better understand the spatial distribution characteristics of the electromagnetic response of the horizontal electric dipole source, Figure 7 shows the x-y plane distribution of the apparent resistivity ([image: image]) of the horizontal electric dipole source at 100, 10, and 1 Hz, respectively; and the plotting range is the same as in Figure 2. The white arrow in Figure 7 indicates the position of the horizontal electric dipole source in the earth. It can be seen that the spatial distribution form of [image: image] is complex. First, the apparent resistivity in the corresponding rectangular neighborhood above the dipole source increases sharply towards the center of the dipole, and the lower the frequency, the larger the range of resistivity increases. For example, when the frequency is 100 Hz, the range of resistivity increase is a rectangular area composed of [image: image] and [image: image]. However, when the frequency is 1 Hz, it is an area composed of [image: image] and [image: image], and the shape of the regional boundary is complex. Second, at the periphery of the area with a sharp increase in resistivity, a trough with decreased resistivity appears, corresponding to the negative overshoot of the apparent resistivity curve in Figure 6. The lower the frequency, the wider the wave trough, and, by extension, the greater the reduction in the resistivity value. Moreover, because the Ex and Hy components of the dipole source response have amplitude crossing zero and phase jump from positive to negative (or from negative to positive) at the azimuth of [image: image] =35 [image: image], the resistivity anomaly of [image: image] changes in the vicinity of the line that starts from the center of the dipole source and extends at an azimuth angle of 35 [image: image]. From the source center to the outside, the resistivity near the 35 [image: image] line is larger than that of the adjacent area, forming a high resistivity strip extending outward, and the extended distance is far greater than the aforementioned rectangular area scale with sharply increasing resistivity. With further increase in distance, the resistivity near the extension line is slightly smaller than that in the neighborhood. It can be seen from Figure 7C with a frequency of 10 Hz that the x boundary of the rectangular domain with sharply increased resistivity is about x [image: image] 50km, and the high resistivity anomaly zone along the 35 [image: image] line extends to x [image: image] 150 km. Meaning, that if the station is located near the extension line, the electromagnetic anomaly can be observed further away from the seismogenic center. Since the Ey and Hx components of the dipole source response change continuously with the azimuth angle; [image: image] has a simple and symmetrical spatial distribution. The resistivity increases sharply in the circle centered on the dipole source, and the radius of the circle increases with decreasing frequency. Since the earth model is not a homogeneous half-space, it cannot be characterized by the wavelength corresponding to a certain formation resistivity value. From the near source range in Figure 7 that is greater than the surface resistivity value (20 Ωm), it can be seen that the radius is about 23 km when f =100 Hz, 55 km when f = 10 Hz, and 135 km when f = 1 Hz. It can also be seen from Figure 7 that the apparent resistivity [image: image] shows a small change in oscillation amplitude in the far-field area, and the period of the oscillation decreases first and then increases with the increasing offset, which may be caused by a change of apparent resistivity with offset. Because the wavelength becomes longer at low frequencies, it is difficult to identify the oscillation period of the low-frequency response in the displayed space. [image: image] also has similar oscillation characteristics, but the 180 [image: image] shift is generated with the 35 [image: image] line as the boundary; that is, both sides of the 35 [image: image] line correspond to peaks and troughs. The amplitude of the oscillation in the far-field area is not large, which may not be noticed in the processing of actual observation data and anomaly identification.
[image: Figure 7]FIGURE 7 | Contour plots in the x-y plane of apparent resistivity response of the x-direction horizontal electric dipole source in a three-layer earth. (A,C,E) are the ρxy at the frequency of 100 Hz, 10 Hz, 1 Hz respectively; (B,D,F) are the ρyx at the frequency of 100 Hz, 10 Hz, 1 Hz respectively.
Figure 8 shows the apparent resistivity and phase curves of the x-direction inclined (φ=30 [image: image]) dipole in the three-layer earth with different offsets in the x- and y-directions. Compared with the response of the horizontal electric dipole source shown in Figure 6, the response excited by the vertical electric dipole source, except the [image: image] of the y-direction, has very different curve shapes and amplitudes in other components. In general, the response curve of a tilted electric dipole source is more complex with frequency. The apparent resistivity response of the tilted dipole source exhibits a large amplitude variation pattern in the near-field zone, first reaching a high value, then decreasing slowly, and finally exhibiting an oscillating pattern with increasing frequency. The near-field maximum amplitude is much higher (at least one to two orders) than the response of the corresponding horizontal electric dipole source. For example, the x-direction’s [image: image] increase to greater than 105 Ωm, the x-direction’s [image: image] increases to greater than 104 Ωm, and the y-direction’s ρyx increase to greater than 106 Ωm. The turning frequency of the apparent resistivity curve corresponding to [image: image] is about an order of magnitude higher than the turning frequency of the horizontal dipole source. The small amplitude oscillation in the far-field area is more prominent, that is, the amplitude change is greater, and the period is more obvious. The [image: image] value along the y-direction in the far-field zone does not reflect the resistivity of the surface layer but is closer to the value of the second layer (104 Ωm). The phase curves for [image: image] along the x-direction and [image: image] along y-direction oscillate slightly near the 45 [image: image] line when they are in the far-field area, and when they enter the near-field area, there is a jump of +180 [image: image]-180 [image: image], and then gradually trend to 0 [image: image] In the far-field region, [image: image] along the y-direction also oscillates rapidly.
[image: Figure 8]FIGURE 8 | Apparent resistivity and phase curves of an inclined electric dipole source in three-layer earth for measuring sites of different offsets along x- and y-direction. (A) and (B) are the ρxy and φxy of measuring sites along x and y direction respectively; (C) and (D) are the ρyx and φyx of measuring sites along x and y direction respectively.
Figure 9 shows the plane distribution of the apparent resistivity of the inclined electric dipole source. To facilitate comparison, the same contour color scale as in Figure 7 is used. Compared with Figure 7, it can be seen that 1) the apparent resistivity of the inclined electric dipole source is much higher than that of the horizontal electric dipole source. 2) The area of near-source area apparent resistivity enhancement is much larger than the response of a simple horizontal dipole source. Taking [image: image] of f = 10 Hz as an example, the boundary in the x-direction of the simple horizontal electric dipole source is 50 km, while the boundary of the inclined electric dipole source is 160 km. 3) Because of the effect of vertical electric dipole source response, a resistivity anomaly band is formed for [image: image] response in the y-direction; that means the plane distribution [image: image] for inclined dipole response no longer has simple symmetry. 4) The oscillation amplitude in the far-field area is larger than that of the simple horizontal dipole source, and the oscillation amplitude is even larger near the anomalous extension zone.
[image: Figure 9]FIGURE 9 | Contour plots in the x-y plane of apparent resistivity response of an inclined electric dipole source in a three-layer earth. (A,C,E) are the ρxy at the frequency of 100 Hz, 10 Hz, 1 Hz respectively; (B,D,F) are the ρyx at the frequency of 100 Hz, 10 Hz, 1 Hz respectively.
It can be seen from the apparent resistivity response of the tilt dipole source in the earth that when the radiation source contains vertical components, the amplitude and spatial range of the apparent resistivity anomaly in the near-field zone are greatly enhanced. Compared with the response of a simple horizontal electric dipole source, the amplitude of the high resistance anomaly is about 2–5 orders of magnitude higher. For the same offset, the frequency of the near-field zone anomaly increases by about an order of magnitude. The spatial range of near-field zone anomaly is about 3 times larger (taking 10 Hz response as an example). It can be seen that the vertical component of seismogenic electromagnetic radiation can greatly increase the detectability of anomalies.
5 MAGNETOTELLURIC RESPONSE WITH DIPOLE RADIATION IN THE EARTH
The behaviors of the magnetotelluric response of the 3D anomaly of earth resistivity and the dipole response of buried electric dipole radiation source in the seismogenic zone have been presented in previous sections. We now discuss the magnetotelluric responses when the 3D anomalous body and radiation dipole exist at the same time while the magnetotelluric observation is carried on.
In the process of seismogenesis, the formation resistivity in a specific range may be reduced because of the development and expansion of micro-fractures in the earth caused by the accumulation of stress. This earth resistivity change can cause the apparent resistivity decrease in the low-frequency band (less than 1 Hz) and can be observed by magnetotelluric stations in a certain range outside the seismogenic area. As the time of the earthquake approaches, the resistivity anomalies may have the characteristics of gradually enhancing and expanding. The abrupt change of ground stress before an earthquake may also lead to electromagnetic radiation, but the spatial scope will be more limited to the vicinity of the fault. However, only in the short time before an earthquake, the stress is strong enough to generate an anomalous electromagnetic field in the far field (Du et al., 2004). For long-term monitoring stations, magnetotelluric field changes caused by different types of anomalies may be observed separately or simultaneously in different stages of earthquake preparation. If there is electromagnetic radiation before the earthquake, the field components observed at the station are the superposition of the magnetotelluric field and electromagnetic radiation field components. Because of the randomness of the amplitude and change of the magnetotelluric field, the processing and analysis of single-field data are not practical when processing observational data. Instead, it is mainly through obtaining the power spectrum of each field quantity and defining the ratio of the electromagnetic field quantity, or the impedance element, to characterize the changing relationship of the apparent resistivity with frequency. If low-frequency electromagnetic radiation is generated by the earthquake preparation, the radiation field strength must reach a certain strength before it can have a significant impact on the superimposed total field, which is reflected in the magnetotelluric response where the apparent resistivity systematically deviates from the background value.
To show the influence of the resistivity anomaly and radiation source in the earth on the magnetotelluric response, Figure 10 shows the ratio of the apparent resistivity of the 3D anomaly body and the inclined dipole source to the apparent resistivity of the 1D layered earth model. The structure and parameters of the model are shown in Figure 1. The buried depth of the electric dipole source in the earth is 10 km, the dip angle is 30 [image: image], the source moment (the product of current change and rupture length) is I [image: image] dl=1011A [image: image] m, and the equal source moment is used for all frequencies; Figure 10A shows the ratio curve of the apparent resistivity of the 1D layered model to [image: image] with different offsets along the x-axis: the offsets are x=25, 50, 100, 200, and 400 km, respectively. It can be seen from Figure 10A that the [image: image] response along x direction containing electromagnetic radiation for small offsets (<100 km) presents a positive anomaly with a large amplitude peak (with a maximum of 450) in the medium-frequency band (0.1–50 Hz); small positive and negative variations can be identified at the frequencies (e.g., >40 Hz for the response of 25 km offset) corresponding to the transition zone. As the offset distance increases, the abnormal peak value decreases rapidly and the anomaly of the transition zone shifts to a lower frequency. For the source moment used, the apparent resistivity anomaly with an offset greater than 100 km is weak, and almost no identifiable anomaly for responses of 400 km offset. It can be seen that the influence of the dipole radiation source observed at a magnetotelluric station is more different from the dipole source response itself shown in Figure 8, and cannot be simply identified as the near- or far-field zone for different offsets. Figure 10B shows the ratio curve of [image: image] along the y-direction to the apparent resistivity of the 1D layered model with different offsets. The response of 25 km offset shows a prominent peak of apparent resistivity enhancement with the maximum ratio of 3,800 at about 1Hz, but smoothly reducing to ∼0.6 for frequency less than 0.1 Hz. The variation of ratio curves of other offsets is small and difficult to identify for the response of offset greater than 100 km.
[image: Figure 10]FIGURE 10 | Ratio of the apparent resistivity of the 3D anomaly body together with inclined dipole source in the earth to the apparent resistivity of the 1D layered earth model for measuring sites of different offsets along x- and y-direction. (A) and (B) are the ρxy/ρ1D of measuring sites along x and y direction respectively; (C) and (D) are the ρyx/ρ1D of measuring sites along x and y direction respectively.
Figure 10C shows the ratio curve of [image: image] along the x-axis with different offsets to the apparent resistivity of the 1D layered model. It can be seen that the [image: image] anomaly generated by the electromagnetic radiation source is mainly in the middle-frequency band, but the amplitude is far less than the [image: image] anomaly. It is difficult to identify anomalies in the ratio curve with offsets greater than 50 km. The characteristics of the [image: image] anomaly with differing offsets along the y-direction (Figure 10D) are much similar to those of the [image: image] anomaly along the x-direction (Figure 10A), with only a slight difference in anomaly amplitude, especially for the response of short offset.
Figure 11 shows the spatial distribution of the ratio of the apparent resistivity calculated by superposition of the magnetotelluric response of the 3D low resistance anomaly and the x-direction inclined dipole source response in the layered earth model to the apparent resistivity of the 1D layered earth model, for frequencies of 10, 1 and 0.01 Hz, respectively. The range of the drawings is the same as that in Figure 9. The small white arrows in Figure 11 indicate the position of the electric dipole source in the earth, and the white step lines indicate the boundary of the 3D low resistance anomaly. It can be seen from the plot that the apparent resistivity change caused by the dipole radiation source at depth occurs in the area near the source, and the closer the source, the greater the anomaly. The apparent resistivity far away from the source is almost unchanged (the ratio is equal to 1). The anomaly in the intermediate frequency band has the maximum amplitude enhancement anomaly and a strong reduction anomaly (the ratio is far less than 1). The amplitude of the medium frequency band (f = 1 Hz) anomaly is the largest (0.01–30,000 times), and the expansion range is also large. The anomaly of [image: image] is mainly observed in a sector area in the x direction, and [image: image] in the y direction, with large amplitude enhancement from the dipole center and gradually decay to 1 at the radius of about 100 km and then reduce to a minimum of 0.01 at the radius of about 165 km. The amplitude of the high-frequency band and low-frequency band is relatively small, and the anomalous extension range is also small. The maximum amplitude of f = 10 Hz anomaly (Figures 11A, B) is ∼8,000 times, and the sector radius is about 75 km. The maximum amplitude of f = 0.01 Hz anomaly (Figures 11E, F) is ∼20 times, and the sector radius is about 95 km.
[image: Figure 11]FIGURE 11 | Contour plots of the ratio of apparent resistivity with 3D anomaly body together with inclined dipole source to the apparent resistivity of the 1D layered model. (A,C,E) are the ρxy/ρ1D at the frequency of 10 Hz, 1 Hz, 0.01 Hz respectively; (B,D,F) are the ρyx/ρ1D at the frequency of 10 Hz, 1 Hz, 0.01 Hz respectively.
6 DISCUSSION AND CONCLUSION
It can be seen from the analysis of the above simulations that the observational data of magnetotelluric stations may contain seismogenic electromagnetic anomaly information. The characteristics of different types of seismic electromagnetic anomalies in magnetotelluric impedance response can be summarized as follows. In the seismogenic process, the change of formation resistivity (seismogenic resistivity anomaly) can produce a recognizable low-frequency (less than 1 Hz) apparent resistivity anomaly in magnetotelluric data. The anomaly is mainly a reduction of apparent resistivity from the normal value, and small amplitude enhancement anomalies may also be observed at various spatial sites. Although the amplitude of the anomaly is small, it may also be detected hundreds of kilometers (more than 200 km) away from the seismogenic center. However, if there is a low-frequency electromagnetic radiation anomaly at the same time, the influence of seismogenic low resistance anomaly may be completely masked in the low-frequency band due to the strong anomaly generated by dipole radiation in the seismogenic area. The anomaly produced by low-frequency electromagnetic radiation before earthquakes are characterized by a sharp increase of the apparent resistivity in the near-field zone, the phase approaching zero, and strong amplification of the anomaly by the presence of vertical source dipole components.
The influence of electromagnetic radiation before earthquakes included in magnetotelluric data on apparent resistivity depends on the proportion of each component of the radiation field in the spectral intensity of each component of the corresponding magnetotelluric field and will show different frequency and spatial characteristics from the response of a pure dipole source. For example, the response of a simple dipole source can be simply divided into a far-field zone and a near-filed zone according to frequency or offset, while the response of a dipole source radiation field contained in magnetotelluric data to apparent resistivity shows frequency selectivity, that is, anomalous amplitudes in the high-frequency and low-frequency bands are small, and the abnormal amplitude in the medium frequency band (0.1–50 Hz in this example) is largely due to the weak energy window of magnetotelluric field. In space, the response of the pure dipole source shows a small amplitude oscillation in the far-field area, which is difficult to identify in the magnetotelluric data. The manifestation of electromagnetic radiation in magnetotelluric response before earthquakes are mainly from the apparent resistivity enhancement anomaly with strong amplitude, and the anomaly amplitude decreases with the distance from the radiation source, but the apparent resistivity reduction anomaly with large amplitude may also appear for the data of different observation sites and different frequencies. The magnitude and spatial range of the influence of electromagnetic radiation on apparent resistivity before earthquakes are related to the intensity of the radiation sources. The stronger the radiation field intensity is, the larger the amplitude of apparent resistivity anomaly, and the wider the distribution range of anomaly. The calculation result of the source moment 1011A [image: image] m is given in this paper. The actual earthquake case may have even stronger electromagnetic radiation, for example, the Wenchuan earthquake reached 1013A [image: image] m (Li et al., 2018), and so the station farther from the seismogenic center can also detect the electromagnetic radiation anomaly.
The algorithm for 3D magnetotelluric modeling has adopted the strategy of magnetic field normalization for field component calculation, and the calculated strength for each field component may be different from the actual spectral intensity of each component measured at the station. However, the basic characteristics of electromagnetic radiation before earthquakes simulated by an electric dipole source in magnetotelluric response are valid.
In summary, electromagnetic impedance responses of a 3D low-resistance anomalous body which is used to simulate the resistivity change of strata in the seismogenic region, and an electric dipole which is used to simulate the seismogenic radiation source in horizontally layered earth model have been calculated, and the characteristics of electromagnetic impedance response with frequency and space over a large area have been analyzed quantitatively. The simulation results show that: 1) Visual resistivity anomalies of the 3D resistivity anomalous body appear in the frequency band below 5 Hz, with negative anomalies dominating in the frequency band below 1 Hz. The amplitude of the negative anomaly decreases with the increase of the offset distance, and the anomaly can be identified over 200 km. The measured data show that the resistivity often presents an abnormal decline feature before the earthquake, and the numerical simulation in this paper provides a theoretical basis for this phenomenon. 2) The vector electric dipole radiation source is equivalent to the electromagnetic radiation in the seismogenic region, and calculating and analyzing the electromagnetic impedance response. It is found that the component of tilted electromagnetic radiation in the y-direction will greatly enhance the detectability of electromagnetic anomalies. 3) Considering the electromagnetic radiation and the change of resistivity in the seismogenic area comprehensively, it is found that the medium frequency band (0.1–50 Hz) is the dominant frequency band for seismic electromagnetic anomalies. Around 1 Hz, the anomaly is more obvious and can be detected at a large spatial range.
The obtained results are of great significance for the observation of seismic electromagnetic anomalies, data processing, and analysis of the identification of electromagnetic anomalies in different seismogenic processes. In the future, we can analyze and compare data changes during earthquakes by combining measurement data from 30 ELF stations in the metropolitan area and the North-South seismic zone in China.
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Capturing and quantifying the timing of remotely triggered earthquakes and understanding the physical processes responsible for this delay represent major challenges in earthquake forecasting. In this study, we propose a physical framework for the integration of borehole strainmeter observations for the investigation of remote triggering of moderate to large earthquakes (Mw ≥ 4) in Taiwan. Based on the time-delay computation between regional events and global earthquakes, we establish a selection of earthquakes showing fault zone properties (hydraulic diffusivity and nucleation length) that may be compatible with a magnitude-dependent fluid-induced nucleation process. Using theoretical fault zones parameters, we calculate the evolution of fluid pressure transiting along the nucleation region under the assumption of a one-dimensional, homogeneous poroelastic medium. Pore pressure levels reached before earthquake rupture are ranging from about 0.02 kPa to 3 kPa in the case of teleseismic wave-induced elastic pressure ranging from 0.15 kPa to 27.3 kPa. To compute the time-dependent evolution of deformation generated by a remote diffusing pressure front, we model the nucleation region using the analogue volcano source represented by a horizontal circular crack, and calculate synthetic dilatation at the strainmeter location from displacements using a finite-difference approach. In general, predictions are about two to four orders of magnitude smaller than observations (∼ 10–5 to 10–3 nϵ). Therefore, this suggests that detection of pore pressure-related deformation would have required change of volume in the nucleation region that is at least one order of magnitude larger than for the hypothetical cases considered here. The study represents the first attempt to analyze strain time-series for detecting pre-earthquake strain anomalies related to fluid-induced earthquakes and illustrates the challenge for detecting and characterizing intermediate-to far-field earthquake precursors caused by fluid flow in active regions.
Keywords: borehole strainmeter observations, detection limitations, fluid-induced earthquakes, preparatory phase, Taiwan
1 INTRODUCTION
Seismic waves from large earthquakes induce ephemeral dynamic stress perturbations over large distances (Huang et al., 2004). Despite leaving no permanent stress changes once they pass, seismic waves are capable of triggering earthquakes at distances far beyondthe aftershock region (Hill, 2008; Brodsky and van der Elst, 2014; Miyazawa et al., 2021). Remote dynamic triggering is a rare ([image: image] 2% of the time) (Pankow and Kilb, 2020) but ubiquitous phenomena (Velasco et al., 2008), and the number of evidence keeps growing since the first observations of entensive earthquake triggering in the United States following the 1992 moment magnitude (Mw) 7.3 Landers earthquake (Hill et al., 1993) and the 2002 Mw 7.9 Denali Fault earthquake (Gomberg et al., 2004). In general, dynamically triggered earthquakes occur subsequent to the passage of the surface waves (Hill, 2008; Velasco et al., 2008) with periods of 15–20 s, since they dominate gound motion in the far field (waves with smaller periods tend to be scattered and attenuated) (van der Elst and Brodsky, 2010). However, the optimal conditions for triggering remain unknown and the latter represents likely a complex combination of wave characteristics (e.g., peak amplitude, duration) and local environment (fault types and geometry and wave incidence angle) (Parsons et al., 2014). If long-lasting (hundred of seconds) dynamic perturbations at moderate to high strain level ([image: image] 100 nϵ or equivalently ∼ 3 kPa) may be an efficient combination for triggering (Pollitz et al., 2012; Johnson and Bürgmann, 2016), peak strain level of teleseismic waves represents a key contribution to long-range triggering (van der Elst and Brodsky, 2010) and critically stressed faults can also rupture under strain level that is near the background noise (∼ 2 nϵ) (van der Elst and Brodsky, 2010; Miyazawa et al., 2021) [Supplementary Figure S1 in the Electronic Supplement shows a case of remote triggering at very low regional strain in Central Greece (Bernard et al., 2006; Canitano et al., 2013)].
Establishing a temporal relationship between two events is simple because seismicity is produced continuously in active tectonic regions. More challenging is to establish temporal and spatial causation between two distant earthquakes. The longer the delay between the mainshock and the posited event, the more difficult to connect them. This delay, which represents a fundamental characteristics of remote triggering, may be difficult to explain by a simple Coulomb failure model only (e.g., Belardinelli et al., 2003). Conversely, a small, or the absence of delay between two events does not necessarily imply remote triggering, as still remains the possibility of coincidental occurrence of events. Indeed, Parsons et al. (2014) found that as many as five earthquakes with Mw ≥ 6 can occur purely by chance on any given day, for example. Since most of observed remote triggering cases concern microearthquakes and tectonic tremors (Peng et al., 2009; Peng et al., 2011; Gonzalez-Huizar et al., 2012), the magnitude range of the triggered earthquakes is still subject to debate. Many studies report the very rare occurrence of moderate to large earthquakes (Mw ≥ 5) remotely triggered hours to days following large teleseisms (Mw ≥ 7) (Parsons and Velasco, 2011; Johnson et al., 2015) while O’Malley et al. (2018) found that higher magnitude earthquakes occur more often than smaller events within 3 days following the passage of seismic waves. In Taiwan, detection of triggered microseismicity and tectonic tremors has also been reported (Chao et al., 2011; Sun et al., 2015), but whether larger events were triggered has not been demonstrated yet. Remote triggering is generally established using statistically significant variations in earthquake rate coincident with the passage of seismic waves (e.g., Johnson and Bürgmann, 2016; Yao et al., 2021). However, going beyond rate changes as the sole indicator for remote triggering (Pankow and Kilb, 2020) is essential for capturing and quantifying the timing of the triggered earthquakes and understanding the physical processes responsible for this delay whose remain major challenges in earthquake forecasting (Brodsky and van der Elst, 2014).
In this study, we propose a physical framework for the integration of borehole strainmeter time-series for the investigation of remote triggering of moderate to large earthquakes (Mw ≥ 4) in Taiwan. We first analyze the time-delay between any regional event with Mw ≥4 from 2000 to 2022 and the global earthquake with Mw ≥ 7 that precedes it (Supplementary Section S1; Supplementary Figure S2 in the Electronic Supplement) and then establish a selection of regional earthquakes based on a magnitude-dependent fluid-induced nucleation framework (Parsons et al., 2017). We then investigate pre-earthquake strain signals and propose an approach to compute far-field dilatation induced by an overpressure front diffusing in a fracture. Finally, we discuss the limitations faced for strain detection of the precursory phase related to hypothetical remote fluid-induced earthquakes.
2 EVENT SELECTION BASED ON A FLUID-INDUCED NUCLEATION MODEL
Among the diverse mechanisms proposed to explain delayed remote triggering of earthquakes with all magnitudes (Parsons, 2005; Peng et al., 2011; Shelly et al., 2011), a mechanism in particular shows that delays observed in the case of triggered earthquakes are likely not randomly distributed but are rather proportional to the event magnitudes (Parsons et al., 2017). The mechanism relies on the fact that dynamic straining from seismic waves can break a fluid seal previously blocked into a fault zone (Brodsky et al., 2003) which then releases overpressurized fluid that progressively invades the fault region. Pore fluid infiltration reduces clamping normal stress (strength is reduced with increasing pore pressure) and thus helps promote failure according to the Coulomb failure criteria. Only critically stressed faults are hydraulically conductive (Barton et al., 1995) and thus prone to fluid-induced triggering. As such a process implies fluid flow through a fault zone, a delay is required before failure conditions are met. This fluid transit time increases with earthquake magnitude since the latter is directly proportional to the dimensions of the fault rupture (Kanamori, 1977). Besides, earthquake magnitude also scales with the critical nucleation dimension (2Lc, in meter) which represents the size of the smaller asperity where rupture may initiate (Ohnaka, 2000):
[image: image]
where M0 represents the scalar seismic moment (in N.m). The critical nucleation dimension represents the minimum transit distance for a fluid to induce an earthquake of a given magnitude, and measures 0.1 km to about 1.5 km for a magnitude range between 4 and 6.5, for example. Fluid transit from a highly pressurized source through a porous medium follows a diffusion behavior (Malagnini et al., 2012):
[image: image]
where r is the distance from the pressure source, t is time and D is the hydraulic diffusivity.
Since the time-delay between a transient stressing of the Earth’s crust and the eventual occurrence of remote earthquakes may be diagnostic of their nucleation process (Parsons et al., 2017), we establish a regional earthquake selection that may be compatible with a possible fluid-induced nucleation model. We retain the regional events for which estimated time-delays may be consistent with commonly observed fault zone diffusivity values (typically D ∼ 10–2 to 10 m2.s−1) (Parsons et al., 2017; Guo et al., 2021). We extend our selection to a delay of approximately 1 week to include some of the largest events (Mw ≥ 6.4) from the preliminary selection (Supplementary Section S1). We estimate maximum trough-to-peak dilatation of the Rayleigh wave using the waveform similarity between dilatation ϵv and the vertical component of the seismic acceleration az (Canitano, 2020):
[image: image]
where Tc is the Rayleigh wave main period (Tc = 15 s), γ denotes the Poisson’s ratio (γ = 0.25) and Vr the Rayleigh wave phase velocity (Vr = 4 km.s−1). A good waveform coherence is observed between signals (Supplementary Figure S3) while amplitude discrepancies (about 10%–15%) may be related to uncertainties in the borehole strainmeter calibration protocol (Canitano et al., 2018). We consider a Rayleigh wave trough-to-peak strain amplitude of 2 nϵ as limit and we adjust the delay by estimating the time-difference between the arrival time of the Rayleigh wave with maximum amplitude at the strong-motion station and the regional event onset (Figure 1). Maximum Rayleigh wave amplitude ϵm associated with the retained 22 regional events are ranging from 5 nϵ to about 900 nϵ with epicentral distances from about 1,400 km to 18,000 km (Supplementary Figure S3; Table 1). Regional events are showing delays ranging from about 20 min to 6 days and Mw from 4.12 to 6.80 (Table 2). Figure 2A presents the retained earthquakes integrated in a magnitude-dependent critical nucleation model.
[image: Figure 1]FIGURE 1 | Location, magnitude and delay associated with the retained events. Triangles denote strong-motion stations (Broadband Array for Seismology in Taiwan (BATS) Institute of Earth Sciences, Academia Sinica (1996), Taiwan Strong Motion Instrumentation Program (TSMIP) and Central Weather Bureau Seismic Network (CWBSN) are shown in gray, orange and pink, respectively) used for estimating peak dynamic strain and black squares show borehole strainmeters used for analyzing strain changes (11 events). LVF: Longitudinal Valley fault; CF: Chaochou fault; SF: Shanchiao fault; CHF: Chelungpu fault; CKF: Chukou fault. (Inset) Geodynamic framework of Taiwan (RT: Ryukyu trench; EP: Eurasian plate; PSP: Philippine Sea plate). The black arrow indicates the relative motion between the PSP and the EP.
TABLE 1 | Characteristics of the mainshocks (Mw ≥ 7) preceding the retained regional events.
[image: Table 1]TABLE 2 | Regional earthquakes (Mw ≥ 4 with depth ≤25 km) integrated in a fluid-diffusion nucleation model. Events are listed by increasing time-delay.
[image: Table 2][image: Figure 2]FIGURE 2 | (A) Magnitude-dependent nucleation dimension (2Lc) versus time-delay for the target earthquakes (black dots). The red dots show remotely triggered earthquakes from Parsons et al. (2017). Events for which precursory deformation changes are investigated are outlined by a blue shaded box. Fault zones diffusion rates (Eq. 2) are plotted for diffusivity values ranging from 10–2 to 102 m2 s−1. (B) Theoretical nucleation distance versus fault hydraulic diffusivity for the retained regional earthquakes (Table 2).
3 INVESTIGATION OF PRE-EARTHQUAKE STRAIN ANOMALIES
We investigate pre-earthquake anomalies using Sacks-Evertson (Sacks et al., 1971) borehole strainmeter sensors. Given their very high sensitivity at short-to intermediate-period (minutes to weeks), strainmeters represent a powerful tool to search for crustal strain transients, including anomalies preceding earthquakes (Amoruso and Crescentini, 2010; Canitano et al., 2015). We process the 1-min sampling strain time-series [see Canitano et al. (2018); Canitano et al. (2021) for details] for stations located at a maximum distance of about 50 km from our target events (11 events). Other events are either too far from operating stations ([image: image] 80 km) or occurred prior to the network deployment. Figure 3 and Supplementary Figure S4 present the temporal evolution of dilatation over a time-span of minutes to days preceding regional events.
[image: Figure 3]FIGURE 3 | Investigation of pre-earthquake anomalies in borehole strain data related to regional earthquakes occurring shortly following the passing of Rayleigh waves (≤2 h) from global events: (A) 25 February 2018 Mw 5.23 earthquake (event 1), (B) 15 July 2009 Mw 4.42 earthquake (event 2) and (C) 3 January 2009 Mw 4.80 earthquake (event 3). (Left) From top to bottom: dilatation estimated from converted vertical seismic acceleration signal bandpassed between 10 and 25 s (R denotes Rayleigh waves with maximum amplitude) and raw signal (P denotes P-wave arrivals), respectively and dilatation recorded by borehole strainmeter (blue curve) and air pressure-induced dilatation (red curve). (Right) Residual dilatation signal (i.e., corrected for air pressure-induced strain). Vertical black dashed lines depict the arrivals of Rayleigh waves with maximum amplitude and the regional event onset, respectively. Strain expansion is positive.
In general, dilatation level after correction of external perturbations ranges from approximately 10–1 to 5.10–1 nϵ at the period of minutes to hours and then increases to about 1 nϵ at a daily period to a tens of nanostrain at the period of a few days. For events 1 and 2, which occurred during the passage of surface waves from global earthquakes, we observe no pre-rupture strain variations at remote strainmeters (40 km away). Event 3 (Mw 4.80) possibly represents the most favorable case for detecting subnanometric near-source strain variations (Figure 3C). It occurred at shallow depth (7 km), about 14 km away from SJNB station, and 2 h following the Rayleigh wave arrivals of a Mw 7.7 earthquake in Papua. Strain variations are strongly correlated with atmospheric pressure for about 45–50 min after the Rayleigh wave arrivals (15 min after the mainshock origin time), then suddenly the correlation breaks, suggesting the possible detection of an other source of deformation. We observe a gradual expansion starting about 1 h preceding the regional earthquake with a total deformation of about −7.10–1 nϵ, well above the short-period strain noise of approximately 10–1 nϵ. For event 11, large pore pressure variations ([image: image] 25 kPa) induced by the intense Rayleigh wave straining in southern LV (about 1 μϵ) following the 2008 Eastern Sichuan earthquake may be expected. However, we find no evidence of pre-earthquake variations, which illustrates the complexity for detecting subnanometric deformation at periods larger than 12–24 h because signals are also impacted by environmental perturbations, especially rainfall (Hsu et al., 2015; Mouyen et al., 2017), and by low tidal strain noise remaining after correction (∼ 0.5-1 nϵ) (Supplementary Figure S4). Finally, strain contraction of −10 nϵ and −20 nϵ are observed hours to days preceding event 16 and event 21, respectively, and are analyzed in the next section.
4 CONNECTING STRAIN OBSERVATIONS TO TRANSIENT PRESSURE ANOMALIES
To connect the strain observations to potential transient pressure anomalies, we follow a two-step approach. In a first step, we calculate the temporal variation of the theoretical pore pressure induced in the fracture by the passing seismic waves. In a second step, we compute the time-dependent evolution of dilatation generated by a remote diffusing pressure front at the sensor location.
4.1 Theoretical pressure induced in the fracture by elastic waves
The evolution of pore pressure P in the fracture in the case of a one-dimensional (1-D), semi-infinite, isotropic, homogeneous poroelastic medium, is given by (Duoxing et al., 2015):
[image: image]
where Pm represents trough-to-peak stress of seismic waves (obtained through ϵm for Hooke’s law), erf is the error function, x is the distance in the fracture, t is transit time and D is the hydraulic diffusivity. Pore pressure at x = 0 (i.e., before fluid initiates transit) is equal to seismic wave elastic pressure (P(x = 0, t) = Pm) and estimates range from 0.15 kPa to 27.3 kPa. To estimate the pressure level at the time of the rupture, that is when the fluid has transited along the entire nucleation region (x = 2Lc), we estimate the nucleation length for each event (Eq. 1) and then calculate hydraulic diffusivity using the nucleation length and the estimated time-delay (or transit time) following Eq. 2. Theoretical diffusivity factors range from 0.03 to 30 m2.s−1 for nucleation distances 2Lc of about 0.13–2.7 km (Figure 2B) and are generally consistent with estimates from Feng et al. (2021). Pore pressure levels before rupture occurs are ranging from about 0.02 kPa to 3 kPa (Figure 4).
[image: Figure 4]FIGURE 4 | Evolution of pore pressure in the fracture resulting from an unitary elastic wave overpressure (1 kPa) as a function of hydraulic diffusivity: (A) fluid-transit distance of 1 km and (B) fluid-transit distance of 200 m. (C) Estimate of initial (before fluid transit) and final (before rupture) pore pressure level in the fracture with respect to the maximum seismic wave elastic pressure for observed time-delays (Table 2) and for fluid-transit distances and diffusion factors given by the magnitude-dependent nucleation model (Figure 2). Events for which precursory deformation changes are investigated are outlined by a blue shaded box.
4.2 Dilatation computation at strainmeter sites
Full and accurate modeling of crustal deformation induced by a pressure front propagating in an heterogeneous fault zone is a complex problem. To compute the time-dependent evolution of dilatation generated by a remote diffusing pressure front, we adopt some simplifications. We model the nucleation region using the analogue volcano source represented by a horizontal circular crack in a semi-infinite elastic solid. The three dimensional (3-D) displacements generated by a sill-like source in a semi-infinite, elastic half-space subjected to the time-dependent pressure change P(t) (Eq. 4), are expressed as (Fialko et al., 2001):
[image: image]
where a represents the characteristic crack dimension (here taken as the nucleation distance 2Lc), G is the half-space rigidity (G = 30 GPa), X = [image: image] and Y = [image: image] are dimensionless distances with respect to the characteristic crack dimension where (x0, y0, z0) and (x, y, z) are the coordinates of the center of the crack and of the observation point in an E-N-Z referential, respectively, and R (= [image: image]) represents the source-station radial distance. Ur and Uz represent the radial and vertical displacements as detailed in Fialko et al. (2001). We simulate the 3-D displacements using dMODELS software (MATLAB-based) (Battaglia et al., 2013) and estimate the temporal evolution of synthetic dilatation at the strainmeter location from displacements using the finite-difference approach proposed by Canitano et al. (2017).
A remarkable property of the 1-D pore pressure equation is that the hydraulic diffusivity represents the only factor that controls the pore pressure dynamics in the fracture (Shapiro et al., 2018). In particular, D controls the pore pressure rise-time (Figure 4); the greater the diffusivity, the earlier dilatation changes induced in the crust by a pressure front diffusing in the fracture can be detected. The temporal evolution of the synthetic dilatation generated by a remote overpressure front based on the theoretical parameters related to a fluid-induced nucleation mechanism (Figure 2B) is shown in Figure 5. In general, predictions underestimate the observations by at least two to four orders of magnitude. Namely, no predicted signal is expected to be [image: image] 10–2 nϵ which represents the strainmeter nominal resolution. Therefore any precursory signal, if occurred in our earthquake selection, would have remained undetected.
[image: Figure 5]FIGURE 5 | Example of temporal evolution of synthetic dilatation at the strainmeter location computed from 3-D displacements generated by a remote overpressure front in a fracture. The onset time of predictions is scaled with the arrival of Rayleigh waves with maximum amplitude at the station. For comparison, amplitude of the predicted signal is magnified to match the strain level observed before rupture.
5 DISCUSSION
The detection of crustal strain anomalies and their characterization as earthquake precursors is a complex problem (Bernard, 2001). Although the quality of the data and of the applied corrections play an important role in monitoring strain transients (e.g., the detection level), complexities are mainly related to the transient source characteristics and to the source-station distance (quasi-static deformation decreases with a factor of 1/R2). In particular, the detection capability strongly depends of the strength of the source of deformation. Here, the latter is controlled by the size of the nucleation region (which depends of the earthquake magnitude) and by the pressure gradient, which is determined by the fracture hydraulic diffusivity and by the elastic wave pressure. We consider the volume change ΔV in the crack fracture resulting from a uniform pressure gradient ΔP as a proxy for the source strength. For an incompressible fluid, it is expressed as:
[image: image]
where ϕ function is the solution of the Fredholm equation of the second kind (Fialko et al., 2001; Battaglia et al., 2013). Figure 6 presents the theoretical volume change in the fracture for earthquakes with magnitude ranging from 4 to 7. To detect the precursory phase of a remote fluid-induced earthquake at a subdaily period within a few kilometer radius from the source requires a source volume that is about 5–10 times larger than for the hypothetical cases considered in this study. Since strain measurement noise increases with period (Crescentini et al., 1997), this would require monitoring crustal deformation with a station located near a large regional earthquake that occurred shortly following a large teleseismic event; a configuration that is highly unlikely. Therefore, to improve our understanding of remote earthquake triggering in Taiwan, the protocol adopted here should be combined with a more conservative approach that relies on the search of earthquakes with a wide range of magnitudes following large global events.
[image: Figure 6]FIGURE 6 | Theoretical volume change in the fracture ΔV/(a3ΔP/G) as a function of the source-station radial distance R/(z0/a) estimated for earthquakes with magnitude ranging from 4 (a = 0.1 km) to 7 (a = 3 km). The blue region outlines the range where our observations fall. Strain levels associated with the analyzed hypothetical remote fluid-induced earthquakes are at least two to three orders of magnitude lower than the strainmeter nominal resolution (about 10–2 nϵ).
Since it controls the dilatation level during computation, the incident-wave strain level may also represent a critical parameter for detection of fluid-induced seismicity. However, the effect of dynamic peak strain on triggered seismicity is not well understood (Brodsky and van der Elst, 2014), and a large strain perturbation doesn’t necessarily imply remote triggering, and vice versa (Parsons et al., 2014). The 2008 Mw 7.9 Eastern Sichuan earthquake, which generated strong regional ground motions due to pronounced rupture directivity effects (Kurahashi and Irikura, 2010), has induced dynamic stress over Taiwan about twice larger than any other great teleseismic earthquake (e.g., the 2011 Mw 9.0 Tohoku and the 2012 Mw 8.6 Sumatra events). Although, the event triggered seismicity in northern China (Peng et al., 2010), it had little to no impact on the seismicity in Taiwan (Chao et al., 2011), at least during the first days following the wave passing (Section 3). Recently, field (Bonini, 2020) and laboratory (Zheng, 2018; Jin et al., 2021) observations have shown that pore pressure induced in a fluid-filled fracture by a seismic wave can be amplified relative to the incident-wave pressure [up to three orders of magnitude (Zheng, 2018)]. This transient pore fluid amplification would suggest that even seismic waves with insignificant stress levels can induce substantial overpressure in fault zones. Besides, this also implies that fluid level can remain high after transiting in the fracture, therefore favoring nucleation in case of delayed triggering or inducing large normal stress unclamping in case of instantaneous (or nearly-instantaneous) triggering. Such a process may also favor detection at remote distances of transient events that generate little regional deformation, as analyzed here. For example, in the case of event 3 (Figure 5), we observe that the pore pressure rise-time and temporal evolution in the fracture is well predicted for station SJNB (nearby station TRKB was shutted off), but the strain level is underestimated by about three orders of magnitude. Although the analyze of a pressure amplification mechanism in the fault zone is beyond the scope of this study, we cannot rule out that such a process may be at play for some cases. On the other hand, moderate strain changes observed for events 16 and 21 are too large to reflect a transient deformation and likely represent the contraction response due to rainfall loading (Canitano et al., 2021), which illustrates the impracticability for detecting precursory strain during environmental disturbances.
Finally, we recognize that our analogue volcano deformation model is by no means complex enough to reflect the far-field deformation caused by fluid flow in active regions, but it provides a preliminary framework for the integration of borehole dilatation observations for the search of precursory signals associated with remote fluid-induced earthquakes (Parsons et al., 2017). A more elaborated model of fault valving (Zhu et al., 2020), integrating fluid-driven aseismic creeep (Shelly et al., 2011; Cebry et al., 2022) and seismicity (Shapiro et al., 2018), combined with a multidisciplinary geophysical monitoring is fundamental for enhancing detection and characterization of precursory phenomena in Taiwan (Fu et al., 2020) or in other active regions (Delorey et al., 2015).
6 CONCLUSION
We develop a protocol to integrate high-resolution borehole strain measurements for the investigation of remote triggering of moderate to large earthquakes (Mw ≥ 4) in Taiwan. The physical framework is compatible with a magnitude-dependent fluid-induced nucleation process where the nucleation region is simplified using the analogue volcano source represented by a horizontal circular crack. We observe that theoretical evolution of dilatation generated by a remote diffusing pressure front in a semi-infinite, elastic half-space is two to four orders of magnitude smaller than observations (∼ 10–5 to 10–3 nϵ). This suggests that detection of pore pressure-related deformation would have required change of volume in the nucleation region that is at least one order of magnitude larger than for the hypothetical cases considered here. The study represents the first attempt to analyze strain time-series for detecting pre-earthquake strain anomalies related to fluid-induced earthquakes and illustrates the challenge for detecting and characterizing intermediate-to far-field earthquake precursors caused by fluid flow in active regions.
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In this article, the daily brightness temperature data from January 2006 to May 2020 of China’s geostationary meteorological satellite FY-2E/G were used to identify the brightness temperature differences before deep and shallow earthquakes in the study area using wavelet transform and the relative wavelet power spectrum (RWPS) methods. The objective was to explore the characteristics of thermal infrared (TIR) radiation anomaly changes before deep and shallow earthquakes in Northeast China by carrying out anomaly extraction and data analysis. The research has shown that five significant earthquakes experienced TIR radiation anomalies in the vicinity of the epicenter approximately 1–2 months before the event. The amplitude of the anomaly ranged from seven to twenty times higher than average, and the anomaly lasted about 3 months. The infrared radiation anomaly characteristics before the earthquake were especially significant in the case of two earthquakes in the Songyuan area. From the research, it was concluded that the TIR radiation anomaly could act as a short-term precursor for earthquake prediction. The method employed in this study would provide great support for predicting deep and shallow earthquakes in Northeast China using satellite thermal infrared technology.
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1 INTRODUCTION
An earthquake is a seismic and deformation phenomenon that occurs within the earth’s crust. Earthquakes not only cause significant losses to human life and property but also have a profound impact on social and economic development and the human living environment. Therefore, earthquake prediction has become a research topic of significant academic and practical value in seismology. With the continuous development of technology, scientists have discovered a close relationship between earthquake activity and thermal infrared (TIR) phenomena. Due to the influence of various geophysical processes, such as underground geothermal flow and fluid movement, on the radiation energy emitted by surface objects in the thermal infrared band, earthquake activity can create abnormal changes in TIR radiation. By observing and analyzing these anomalies, scientists can predict earthquakes (Zhang et al., 2021; Xu et al., 2020; Li et al., 2019; Wang et al., 2018; Dong et al., 2017).
With the development of satellite remote sensing technology, many scientists and research teams have been committed to studying the geothermal precursor phenomena before earthquakes and corresponding earthquake predictions. Scientists have studied the relationship between satellite TIR remote sensing information and earthquakes since the 1980s (Qiang et al., 1991; Qiang et al., 1998; Zhang et al., 2002). The early reports of temperature changes prior to earthquakes are from ground observations (Asteriadis and Livieratos, 1989; You, 1990). For example, Qiang et al. (1992) believed that the TIR anomaly was the friction between tectonic plates during an earthquake, which caused the greenhouse gases in the rock body to escape along the fractured fissures; they described the phenomenon as “the earth deflates.” The inert gas was ionized by the low-altitude electric field to form infrared light of various bands. In recent years, many experts (Kang et al., 2011; Liu et al., 2007; Guo et al., 2014) carried out research in related fields in China and concluded that there were TIR radiation anomalies before earthquakes. Other researchers found significant TIR radiation anomalies before moderate and strong earthquakes in mainland China in recent years (Dai et al., 2016; Xu and Xu, 2013; Zhang et al., 2013; Xie et al., 2015a). The robust satellite technique (RST) method based on statistics was adopted and applied to the Athens Ms5.9 earthquake in 1999. The increase in surface temperature in the adjacent area is considered to be a thermal anomaly related to tectonic activities and earthquakes. Tronin et al. (2002) and Lv et al. (2000) studied some earthquakes and found that thermal anomalies on infrared images were related to linear crustal structures and fault zones. Chen et al. (2004)and Chen et al. (2009) proposed and extracted a base field for the annual variation of surface brightness temperature that provided a reference background for extracting crustal activity information using TIR radiation data.
2 METHODS
2.1 Thermal infrared brightness temperature data
Satellite TIR remote sensing instruments can directly observe the thermal radiation intensity of ground objects. After calibration and geometric correction, it is called the radiance of the corresponding channel (band). We applied the blackbody radiation formula of Planck’s radiation theorem to calculate the radiation temperature (Zhang et al., 2010). The data are from FY-2 Geostationary Meteorological Satellites, and we used the FY-2C/E/G brightness temperature hourly data product to distinguish the true radiation temperature of the object. This is called the brightness temperature. FY-2C was launched on 19 October 2004, FY-2E was launched on 15 June 2008, and FY-2G, a replacement satellite for FY-2E was launched on 31 December 2014. This data product was available from geostationary satellites before infrared remote sensing. Most of the data were polar orbiting satellite data. However, for seismic research, the comparability of data was weak due to the differences between polar orbiting satellite orbits and transit time, and it was difficult to find thermal anomalies before earthquakes. Today, observation data from the FY-2G satellite are commonly used. The orbit of FY-2G is located at 105°E above the equator, 35,000 km from the ground, with an effective observation range of 45°–165°E and 60°S-60°N. The observation range is approximately one-third of the earth’s surface. The satellite resolution of brightness temperature observation is 5 km. The FY-2G satellite began to provide valid data service in June 2015. The position of the satellite to each pixel is fixed, so the propagation path of thermal radiation for each pixel from the land surface to the satellite is also almost fixed. Images of brightness temperature and the relative wavelet power spectrum (RWPS) amplitudes can be directly depicted according to the pixel coordinates without the orbit splicing needed for data from polar orbit satellites. The valid data from January 2006 to 1 January 2019 were used to analyze the possible thermal anomalies before earthquake cases. To avoid the impact of direct solar radiation, five real-time observation data collection instances were selected at midnight every day (the data product time interval was taken once an hour), using Beijing time at the 01:00, 02:00, 03:00, 04:00, and 05:00 data points. These observation data points were used to obtain the daily value data that formed the daily brightness temperature data by the window-filling method (Zhang et al., 2010).
2.2 Wavelet power spectrum technique and data processing
The data processing methods are wavelet transform and RWP estimation. Wavelet transform evolved on the basis of Fourier transform and is an effective method for analyzing unsteady signals. It has been well evolved in the time and frequency domains and has been applied to the fields of geophysics and seismic exploration (Kumar and Foufoula, 1997). The biggest features of wavelet transform technology are self-adaptability and mathematical microscopy. The technology can reconstruct the original signal with almost no loss and focus on any detail of the signal. It is an effective tool for current signal time–frequency analysis. The wavelet transform formula of finite time series is as follows:
[image: image]
[image: image] is the original signal; [image: image] is each frequency band component after wavelet transformation; a is the wavelet scale factor that controls the expansion and contraction of the wavelet function, corresponding to the variable frequency; b is the time shift factor (Torrence and Compo, 1998), which controls the shift of the wavelet function; [image: image] is a wavelet generating function. The db8 wavelet basis function in the Daubecheies (dbN) wavelet system was used to process the original brightness temperature data by wavelet transform. Power spectrum estimation is divided into classical spectrum estimation and modern spectrum estimation. The classical spectrum estimation mainly has two methods: periodogram and autocorrelation, and the Welch algorithm is improved based on the periodogram method. In this paper, the power spectrum estimation refers to the Welch algorithm. First, the N-length data are divided into L segments, each segment with M points, and then, each data segment is windowed to obtain the Fourier transform, and finally, the average value of each segment of the power spectrum is calculated (Guo et al., 2010). The calculation formula is as follows:
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[image: image] is the normalization factor, [image: image] is the window function, and [image: image] is the final calculation result.
By calculating the power spectrum of the aforementioned wavelet transform and the data after removing the influencing factors, considering the mid-short-term earthquakes have a period of occurrence, so taking n = 64 days as the window length and m = 1 day as the sliding window length for Fourier transform, the latest time of the data in the window is considered, and a set of power spectra are obtained by sliding the time history data on each pixel once. Relative amplitude is used to compare the similarities and differences of the power spectra before and after the earthquake. The calculated time and frequency space data are used to scan the whole time and space. The entire frequency band is used to extract and identify the spatiotemporal change characteristics of the abnormal area. The RWP time series value of the region is calculated using a 0.05° × 0.05° unit.
3 EARTHQUAKE CASE ANALYSIS AND RESULTS
In this study, the daily surface brightness temperature data observed by China Geostationary Meteorological Satellite FY-2C/E/G were collected. After spatial correction and calibration, the brightness temperature data in Northeast China (longitude 110°–135°E, latitude 35°–50°N) were selected. A total of 22 earthquakes above magnitude Ms4.9 that occurred in the study area since 2006 were analyzed using the RWP analysis method. Among them, five earthquakes showed significant TIR anomalies before their occurrence.
(1) The Ms6.2 earthquake occurred in Hunchun, Jilin, on 19 May 2008, with a focal depth of 540 km, which is a deep earthquake. The epicenter of the earthquake is located at the intersection of the Badaogou and Tumenjiang faults, and the focal mechanism solution shows a strike-slip type. Figure 1 shows that the high-value anomaly of the 5th frequency band in the Badaogou fault zone appeared on 30 April, the anomaly area gradually increased on 19 May, the amplitude reached 15, and then, the anomaly area gradually migrated to the southeast. The RWP high value showed a gathering phenomenon, and then, the amplitude and area gradually increased. On 4 June, the high-value areas appeared in a concentrated manner, the amplitude and area reached the maximum and then gradually decreased, and the high-value areas disappeared on 24 June. The abnormality lasted about 56 days.
[image: Figure 1]FIGURE 1 | Temporal and spatial evolution of the RWPs of the Jilin Hunchun Ms6.2 earthquake (red star) on 19 May 2008.
The Ms6.2 earthquake on 19 May was obviously related to the abnormality that had appeared earlier in this position. The change of the abnormality can be summarized as a process of “appearance → enhancement → earthquake → extreme value → attenuation → disappearance.” Therefore, it can be inferred that the Huichun Ms6.2 earthquake occurred in the range of abnormality on 19 May. The average value in the power spectrum value region of the location was analyzed to visually inspect the changes in the TIR brightness temperature power spectrum before and after the Huichun earthquake in Jilin Province. The relative amplitude time variation sequence showed that from 16 April, the RWP value slowly increased from low to high, then decreased from high to low, and finally increased from low to high, and lasted until 19 May. After the earthquake, the peak value was greatly increased by the abnormality, reaching the maximum value of 9.46 on 16 June (Figure 2). The data difference between each period also reflects the changes before and after the event, showing that the TIR brightness temperature power spectrum has a very significant monitoring value for the earthquake. The aforementioned analysis shows that after the earthquake, the abnormal phenomenon of the TIR brightness temperature power spectrum changed. This phenomenon can accurately reflect the arrival of the earthquake, indicating its value and importance in earthquake monitoring and prediction. Therefore, to more accurately analyze and predict earthquakes, we could make full use of the information on the TIR brightness temperature power spectrum and other related information, effectively coordinate and comprehensively analyze each forecasting means, and then judge the possibility of earthquakes so that it can better cope with natural disasters in the form of earthquakes.
(2) The Ms5.2 earthquake occurred in Ayong Banner, Inner Mongolia, on 10 June 2008. It was a deep earthquake. The earthquake was located in the northern section of the Greater Khingan Mountains gradient belt, and the focal mechanism solution showed a right-handed strike-slip type. Figure 3 shows that on 9 May 2008, the 5th frequency band of the main ridge fault of the Great Khingan Mountains showed a high-value anomaly. After 1 June, the anomaly was concentrated in a small area, and its amplitude increased. On 4 June, the anomaly weakened. On 9 June, the anomaly extended southward along the fault of the main ridge of the Great Hinggan Mountains. The anomaly area was concentrated along the fault, and the amplitude of the RWPs reached its maximum. The earthquake occurred on 10 June, with the epicenter at the edge of the anomaly area. On 24 June, the anomaly disappeared and gradually recovered to the normal background value. The time-series curve of RWPs in the high anomaly area is shown in Figure 4. The RWPs gradually “increased → decreased → increased → decreased” on 14 April before the earthquake and reached the peak value of 9.19 on 13 June. Then, after reaching the peak on 10 June, an Ms5.2 earthquake occurred. It indicates the obvious changes in the RWPs in the months prior to the earthquake, giving an effective clue for the prediction of the earthquake. Additionally, the changes in the range and value of the fault anomaly area of the main ridge of the Great Khingan before and after the earthquake were noted.
[image: Figure 2]FIGURE 2 | Regional mean time sequence diagram of the Hunchun Ms6.2 earthquake in Jilin on 19 May 2008.
[image: Figure 3]FIGURE 3 | Time-space evolution of the RWPs of the Ms5.2 earthquake (red star) in Arong Banner, Inner Mongolia, on 10 June 2008.
[image: Figure 4]FIGURE 4 | Historical time sequence diagram of the regional mean value of the high brightness temperature anomaly of the Ms5.2 earthquake in Arong Banner, Inner Mongolia, on 10 June 2008.
Understanding the genesis of mountain geology can help researchers understand the structural characteristics of the earthquake and better explain the prediction results.
(3) The Ms6.4 earthquake that occurred in Linkou County, Heilongjiang Province, on 2 January 2016 had a focal depth of 580 km, making it a deep earthquake. Calculating and scanning the TIR data before the earthquake, Figure 5 shows that the 5th frequency band presented a significantly abnormally high TIR value. The anomaly occurred at the Kubin River fault on 16 October 2015. On 23 October, the amplitude of the RWPs increased in the anomaly area, and then, the anomaly extended southward along the Kubin River fault. The abnormal area and amplitude continued to increase. On 25 October, the abnormal amplitude reached the maximum and then gradually declined until 31 October 2015, when the anomaly disappeared. The duration of the anomaly was 16 days. Sixty-four days later, the Ms6.4 earthquake occurred in Linkou County, Heilongjiang Province, with the epicenter at the edge of the abnormal area, near the Muling River segment crack. The time-series curve of RWPs in the high-anomaly area is shown in Figure 6. The results showed that there had been four periods of high RWPs in the high-anomaly area since 2011. The high value began to appear at the end of August 2015, before the earthquake, and the RWPs gradually increased → decreased → increased → decreased and reached a peak of 6.21 on 5 June. There was a significant thermal anomaly in the early stage of the Ms6.4 earthquake in Linkou County, and it is worth studying the TIR data before the earthquake and the thermal anomaly mechanism during the deep earthquake.
[image: Figure 5]FIGURE 5 | Time-space evolution of the RWPs of the Linkou Ms6.4 earthquake (red star) in Heilongjiang on 2 January 2016.
[image: Figure 6]FIGURE 6 | Historical time sequence diagram of the regional mean value of the high brightness temperature anomaly in the Linkou Ms 6.4 earthquake on 2 January 2016.
3.1 Geological profile of the Songyuan area and typical cases of Songyuan earthquakes
The Songyuan area is located in the central and western parts of Jilin Province. It is located in the central depression belt and southeast uplift belt in the southern part of the Songliao Fault Basin. The Songliao Basin is the largest Mesozoic and Cenozoic continental sedimentary basin in Northeast China. The direction of the basin basement structure and the neotectonic line is NNE. During the Cenozoic, the internal faults in the basin were still active. The main faults are the second Songhuajiang fault in the northwest direction and the Fuyu–Zhaodong, Yilian–Yitong, and Mishan–Duhua faults in the northeast direction (Figure 7). Those faults are Quaternary active faults. These faults and their intersections are the structural conditions for the occurrence of shallow-source moderate earthquakes in the Songyuan area. The Ms4.9 earthquake in 2017, the Ms5.7 earthquake in 2018, and the Ms5.1 earthquake in 2019 occurred successively in the Songyuan area in recent years. However, before the Songyuan Ms5.1 earthquake in 2019, there was no obvious thermal anomaly, suggesting that the greatest amount of greenhouse gases were released in the basin before and after the previous two earthquakes. Based on the aforementioned studies, the TIR of the previous two earthquakes in this area can be researched and analyzed.
[image: Figure 7]FIGURE 7 | Geological structure map of the Songyuan area. The epicenters of the three Songyuan earthquakes (red circles, Ms4.9 earthquake in 2017, Ms5.7 earthquake in 2018, and Ms5.1 earthquake in 2019) and the main active faults in the study area. The black circle represents the Jilin Songyuan Oil and Gas field.
3.2 The thermal RWP anomalies associated with the Songyuan Ms4.9 and Ms5.7 earthquakes
An Ms4.9 earthquake occurred in Songyuan on 23 July 2017, with a focal depth of 12 km and an epicenter located at 45.3°N, 124.81°E. Scanning the aforementioned area, we found that the RWPs of the 5-band wavelet (Figure 8) gradually increased before the earthquake after 1 June 2017, and the high-value areas expanded on 20 June. The anomalies of amplitude and area reached a maximum on 5 July, and then gradually attenuated. The earthquake occurred on 23 July, until the high value disappeared on 27 July, and the abnormality lasted for more than a month. Analyzing the temporal and spatial evolution of the TIR anomaly, we found that the RWPs of the TIR brightness temperature data were significantly abnormal, and the abnormal change lasted for some time before and after the earthquake. The TIR anomaly was relatively large, and the shape was more prominent before the earthquake. The whole anomaly evolution followed this process: normal background → anomaly appearance → anomaly enhancement → reaching maximum → anomaly attenuation → earthquake → anomaly disappearance. From Figure 8, it can be clearly seen that the infrared radiation presented little change in the initial stage and slowly increased in the elastic stage. The plastic anomaly gradually returned to the normal background value from the maximum value. The Songyuan Ms4.9 earthquake occurred on 23 July, at the edge of the abnormal area on the 18th day after the peak.
[image: Figure 8]FIGURE 8 | Time-space evolution of the 5th frequency band RWP anomalies before the Songyuan Ms4.9 earthquake (red star) on 23 July 2017.
In the same area, an Ms5.7 earthquake occurred in Songyuan Jilin Province on 28 May 2018. The calculation results showed that 1 week before the earthquake, the RWPs had an abnormal phenomenon around the Jilin-Fengman fault that exceeded the background value. When the time of earthquake occurrence approaches, anomalies expanded along the second Songhuajiang fault in the NW direction, and the anomalies’ amplitude gradually increased. After the earthquake occurred, the amplitude and area of the anomaly gradually increased, and in the following month, the anomaly gradually weakened.
The spatiotemporal evolution images of the RWPs in six frequency bands were checked. The 5th frequency band showed significant TIR anomalies before the Songyuan Ms5.7 earthquake (Figure 9). Figure 9 shows that in mid-May 2018, the brightness temperature anomalies first appeared in the Jilin–Fengman fault zone. The initial anomaly amplitude was weak, and the anomaly area was small at the beginning. Then, the anomaly area extended along the Tanlu fault zone. The anomaly area gradually enlarged on 27 May. The Songyuan Ms5.7 earthquake occurred at a distance of approximately 200 km from the anomaly area on 28 May. After the earthquake, the anomaly area further expanded. The anomaly area and amplitude reached a maximum peak in the area on 12 June and then gradually shrank. The anomaly disappeared on 17 June.
[image: Figure 9]FIGURE 9 | Time-space evolution of the 5th frequency band RWP anomalies before the Songyuan Ms5.7 earthquake (red star) on 28 June 2018.
3.3 Time variation characteristics of the average brightness temperature power spectrum in the Songyuan Ms4.9 and Ms5.7 earthquakes
After the two Songyuan earthquakes occurred in the same abnormally high brightness temperature area, the historical time sequence diagram of the regional mean value of the high brightness temperature abnormal area was extracted to present the abnormal amplitude more clearly. It can reflect the duration of the anomaly and the relative rate of change. Therefore, the mean value of the RWPs was extracted in the 0.5° × 0.5° range of the significantly abnormal area. The background value and standard deviation of the power spectrum were calculated to form a time-series curve.
In order to analyze the change process of the TIR brightness temperature power spectrum before and after the Songyuan Ms4.9 and Ms5.7 earthquakes, the average value of the high-value area of the power spectrum was studied. The time sequence of the relative amplitude changes can be seen in Figure 10. Since 2012, the relative amplitude of the average power spectrum of the study area brightness temperature has been higher than six times the mean value (normal background value) five times from 2013 to 2018. For the Songyuan Ms4.9 earthquake, the average RWP amplitude of brightness temperature was higher in the significantly abnormal region only from June to July 2017. The RWP amplitude was greater than 4 from 19 June, and the abnormality continued for 32 days. On 21 July, the RWP amplitude dropped to 1.62, and the amplitude was 0.63 on the day of the earthquake on 23 July. After the earthquake, the amplitude returned to the normal background level.
[image: Figure 10]FIGURE 10 | Time sequence diagram of regional historical mean value of abnormal high brightness temperature of the two earthquakes in Songyuan, Jilin. (1) Time series curve of mean RWPS in Ms5.7 Songyuan seismic anomaly area. (2) Time series curve of mean RWPS in Ms4.9 Songyuan seismic anomaly area.
Similarly, the relative amplitude was 4.04 on 26 May 2018 for the Songyuan Ms4.9 earthquake, and the relative amplitude reached 6.13 on 27 May. The relative amplitude was 8.22 on 28 May when the earthquake occurred. After the earthquake, the relative amplitude continued to increase. It reached a peak of 12.36 on 12 June, and then, the relative amplitude declined until it returned to 6.01 on 27 June. The Songyuan earthquake occurred in the continuously strengthening stage. There was an obvious anomaly around the Jilin–Fengman fault zone on 25 May 2018. Closer to the time of the earthquake, the anomaly area extended to the epicentral area. The entire anomaly process lasted only 3 days before the earthquake, but the increased abnormal area and amplitude continued for 1 month, after the earthquake when the abnormality recovered. Based on the previous earthquake example results and experience, the occurrence of two Songyuan earthquakes at different stages of amplitude may be related to the rate of stress accumulation in the epicenter areas.
The overall characteristics of the thermal anomalies of 22 earthquakes with a magnitude above Ms4.9 were summarized (Table 1). The spatio-temporal characteristics of thermal anomalies have certain indicative significance, including 1) more than 18% of the examples showed thermal anomalies before and after the earthquake with a missed detection rate of 82% and a total of 38 anomalies since 2006 with a false detection rate of 84%; 2) there are obvious periodicity and amplitude patterns of thermal anomalies before and after earthquakes; 3) there is no corresponding relationship between the size of the thermal anomaly area and the intensity of the earthquake; 4) there is no significant difference between shallow and deep earthquakes in terms of thermal anomalies. In terms of spatial evolution, the probability of earthquake occurrence is higher at the edge of the thermal anomaly area, and the epicenter is often located in the transition zone between the appearance and disappearance of the anomaly. In terms of time series, the duration of earthquake thermal anomalies is between approximately 1 month and half a year. Most earthquakes occurred during the high-value rise or fall stage (turning point signal). The advantages of TIR research for site prediction include fast information acquisition and spatiotemporal dynamic monitoring. Large-scale thermal infrared anomaly scanning can be conducted in the Northeast region, and local areas with high RWP values can be selected for planar scanning.
TABLE 1 | Analysis of corresponding TIR anomalies before five earthquakes in the study area.
[image: Table 1]3.4 The relationship between the basin and seismic thermal radiation
Guo et al. (2010) studied the TIR anomalies in the northwestern edge of the Tarim Basin before the Jiashi-Bachu Ms6.8 earthquake in 2003. Xie et al. (2015b) studied the Yutian, Xinjiang Ms7.3 earthquake in 2014 and found that anomalies began to appear in the western segment of the western marginal fault zone in the Tarim Basin, and then, the anomaly area further expanded and migrated to the fault zone, eventually formed an abnormal banding area along the fault zone around the Tarim Basin. Zhang et al. (2010) studied the characteristics of the TIR anomalies surrounding the Milin Ms6.9 earthquake in Tibet in 2017 and found that this phenomenon was more consistent with the distribution of geothermal resources. Previous studies by experts and scholars have shown that the satellite TIR anomalies before earthquakes are related to the basins rich in geothermal resources. This is a positive answer to the seismic TIR genesis. Therefore, Qiang et al. (2010) proposed the seismic basin effect that clearly supported the earth deflation theory.
The latest theory on the TIR anomaly characteristics of medium-to-strong earthquakes suggests that short-term horizontal strain and vibration within the tectonic fault zone prior to earthquakes can result in the rupture and fragmentation of underground rocks, leading to the release of a large amount of energy and causing changes in surface temperature (Zhang L. F. et al., 2020; Li et al., 2020; Han et al., 2018; Chen et al., 2019; Qin et al., 2019). Furthermore, tectonic activity can cause an increase in the amount of subterranean gas emitted, and the gas can surface and cause an increase in surface temperature, leading to TIR anomalies. Prior to an earthquake, the stresses at the fault zone intensify, and as the stress increases, underground rocks fracture and break, releasing heat and causing changes in surface temperature. Additionally, as tectonic activity intensifies, the amount of subterranean gas released will also increase, and these gases will spread through the surface, causing thermal infrared anomalies (Zhao et al., 2021; He et al., 2020; Zhou et al., 2019; Xu et al., 2019; Fang et al., 2017). Throughout the entire process of earthquake precursors, the characteristics of TIR anomalies are displayed as a process of “abnormal occurrence → strengthening → peak → weakening → abnormal disappearance → earthquake occurrence.” The physical parameters of rocks, such as thermal conductivity, heat capacity, and coefficient of thermal expansion, may also affect the characteristics of TIR anomalies prior to earthquakes. In summary, the TIR anomaly characteristics of medium-to-strong earthquakes are a prognostic manifestation prior to an earthquake, and monitoring and analyzing them can provide valuable information for earthquake prediction. However, it should be noted that TIR anomalies may also be influenced by other factors, such as meteorological factors. Therefore, it is necessary to carefully analyze the possibility of various factors affecting TIR anomalies when monitoring and identifying them to enhance the accuracy and reliability of monitoring.
The Songliao Basin is rich in oil and gas, and the faults around the basin are highly developed. The enhancement of stress is conducive to the acceleration of the gas with relatively high underground temperature along the existing or new fractures, and that gas causes the surface temperature to change. It may be that these factors caused the thermal anomalies distributed along the better-developed Jilin–Fengman fault zone before the Songyuan earthquake. In order to illustrate the possibility of the seismic basin effect, the two earthquakes that occurred in the periphery of the Songliao Basin were analyzed in 2017 and 2018.
4 DISCUSSION AND CONCLUSION
Before an earthquake, the abnormal temperature increase phenomenon in the epicenter and adjacent areas has been confirmed by many observation results. At the same time, many experts have also found that long-term continuous temperature field changes reflect the activities of faults and large-scale linear structures in the crust (Qu et al., 2006; Ma et al., 2006; Chen et al., 2006; Qiang et al., 2009; Carreno et al., 2001). When the stress approaches the critical state of rock rupture, the number of cracks penetrating the surface increases, and the crustal gas overflows prior to the earthquake. Because of the increase in cracks, the heat convection between the underground rock layer and the surface is strengthened. It may be a combination of these factors that concentrate the TIR anomaly regions before the earthquake near the epicenter and adjacent areas and distribute them along the faults (Qiang et al., 1991; Qiang et al., 1992; Tronin, 1996; Tronin, 2000). Many researchers who have examined these phenomena have pointed out that areas with geothermal and oil and gas enrichment are more prone to thermal anomalies before an earthquake.
This study applied the brightness temperature data of the China Geostationary Meteorological Satellite FY-2C/E/G collected between January 2006 and May 2019 with an effective observation range of 35°–50°N and 110°–135°E. The study used the wavelet transform and RWP methods to analyze and study the brightness temperature data. Based on the analysis of thermal anomalies before and after the two Songyuan earthquakes, the following characteristics are summarized: 1) The RWPs of the brightness temperature data on the two earthquakes were significantly abnormal, and the abnormal initial amplitude and area were small. The anomaly first appeared at the intersection of the Yilan–Yitong and the Mishan–Dunhua faults, and then, the anomaly area gradually expanded, and the overall abnormality showed an increasing trend that was consistent with the distribution of the northern part of the Tanlu fault zone and finally formed an abnormal area distributed in a band. When the abnormal area reached the maximum peak value, it gradually shrank until it disappeared. The abnormal shape was persistent in the time domain and roughly experienced two stages of initial warming and enhanced warming, with a duration of more than 30 days. The abnormal area moved and expanded along the direction of the fault and increased rapidly. The epicenter did not appear in the largest anomaly area but was distributed on the edge of the basin, which might be related to the geological structure and underground environment near the epicenter. 2) The characteristic power spectrum amplitude of the abnormal area was up to 12 times higher than the average value. The abnormal peak value occurred before the earthquake; the earthquake occurred after the abnormal high value decreased. This is the time period when earthquakes are more likely to occur in most earthquake cases. The evolution direction and abnormal peak value characteristics could provide some clues for determining the occurrence time of future earthquakes and tracking the epicenter location.
Therefore, through the analysis of earthquake cases, the overall characteristics of thermal anomalies obtained from the aforementioned earthquakes are summarized. The spatial and temporal characteristics of thermal anomalies are more indicative, showing that there are obvious periods and amplitudes of thermal anomalies before and after earthquakes. There is no correlation between the area of thermal anomaly and its intensity. There is no significant difference between shallow and deep source earthquakes in terms of thermal anomalies. From the spatial evolution characteristics, the seismic probability of the edge of the thermal anomaly area is high. The epicenter is mostly located in the transitional zone between abnormal appearance and disappearance. From the perspective of time series, the duration of seismic thermal anomaly is approximately 1 month to half a year, and the situation is not the same in different regions. Most earthquakes occur in the stage of high-value rising or falling (turning signal).
In a word, TIR precursor anomalies are obviously related to the incubation, occurrence, and development of earthquakes, as well as to the time and location of earthquakes in this area. The abnormal morphological characteristics, evolution processes, and time series curves are all highly representative. We need to continuously improve data processing methods and enhance the accuracy of earthquake predictions in order to achieve greater effectiveness in earthquake prevention and disaster reduction.
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In recent years, seismic wave effects caused by meteorite impacts have been widely observed. The meteorite impact event that occurred 66 million years ago is one of the most famous impact events in Earth’s history. The influences of the seismic wave field generated by this collision event on the solid Earth itself is worth exploring. Therefore, this study initially estimated the seismic source parameter information based on the multiring structure of the meteorite crater, and then simulates the seismic event. The results of this study provide a possible explanation for the formation of the Earth’s tectonic plates. The findings of this study suggest that the seismic wave field generated by the meteorite impact event 66 million years ago may have caused the destruction of the Solid Earth, leading to the formation of the boundary between the Indian Ocean and the Pacific Plate. Simultaneously, this study has important significance for inspiring the development of new geoscientific methods.
Keywords: solid earth, seismology, seismic source, meteorite impact, plate tectonics
1 INTRODUCTION
Collisions between objects, such as those that occur in nuclear reactions and due to the generation of gravitational waves, widely occur in nature. Moreover, collisions between meteorites and planets are common in solar systems (Bierhaus et al., 2022; Mark et al., 2022; Kimi and Vijayan, 2023). Among the many previous celestial collision events, the Chicxulub impact event that occurred 66 million years ago has been widely studied (Alvarez et al., 1980; Goderis Steven et al., 2021; Ross et al., 2022; Nixon et al., 2022). The present results show that the main reason for the extinction of dinosaurs is that a change in the Earth’s environment was triggered 66 years ago when a meteorite impacted the Earth (Kring, 1997; Schulte et al., 2010; Kunio et al., 2016; Morgan et al., 2022). In addition to causing volcanic eruptions, tsunamis (Hull Pincelli et al., 2020), worldwide wildfires (Venkatesan and Dahl, 1989) and other secondary disasters, this meteorite impact also directly produced strong seismic effects (Kim et al., 2022).
A weak seismic wave field can be used to study the internal structure of a planet (Stahler et al., 2021), while a strong seismic wave field usually results in intense damage (Caglar et al., 2023). The seismic wave field is primarily affected by the physical parameters of the source and the underground medium. For seismic sources, the seismic energy, source type, source direction, depth and source time function are important components to consider.
Regarding the source energy of the Chicxulub event, previous studies have shown that the source energy released by the impact was approximately 5×1023 joules (Morgan et al., 1997). Regarding the source direction, numerical experiments show that the meteorite impacted the Yucatan Peninsula at an angle of approximately 45–60 degrees, approaching from the northeast (Collins et al., 2020). However, the source depth and source time function are still unclear.
Nevertheless, the source depth and source time function can be estimated. The method of estimating the seismic time function using near-field seismic waveform information is widely used in the field of seismology (Isadora et al., 2020). For most meteorite impact events, the source time function can normally be approximated as a delta function (Holsapple and Schmidt, 1987). However, due to the seismic wave absorption and attenuation by the existing underground medium, the seismic source time function can generally be approximated as a Ricker wavelet or a triangular function (Ricker, 1977). The dominant frequency of the function is the parameter to be determined. The frequency of large impact events is usually concentrated in low-frequency components (Teanby and Wookey, 2011). To obtain this parameter, we analyzed the multiring structure of the crater and found that this structure reflects a regular ground wave phenomenon due to the presence of excessive energy during the seismic body wave propagation. In this study, two adjacent rings are considered to be the density extremum caused by the same peak frequency. Usually, the corresponding seismic parameters can be determined by solving the body wave equation in the frequency space domain, then setting different parameters, and conducting comparative tests. Basic equations in the field of natural science, such as the acoustic wave equation, light wave equation and seismic body wave equations, they usually have the same form. Li and Chen., 2021 efficiently solved this equation.
After obtaining the above approximate source parameter information, we can conduct research on global seismology to quantitatively explore the influence of the seismic effect generated by this event on both the interior and exterior of the Earth.
2 DATA ACQUISITION
An important difficulty in the study of events 66 million years ago is the acquisition of actual data. The direct evidence of meteorite impact mainly comes from meteorite craters.
Since the Chicxulub event occurred, 66 million years have elapsed, and there exists no current seismic data available that can be used to extract the source information from that event. However, geophysical exploration shows that the area retained a multiring structure with a diameter of approximately 180 km (Campos et al., 1997, Morgan et al., 2011; Gulick et al., 2013; Sweeney, 1978). The diameter of the inner ring of the multiring structure is approximately 70 km, and the diameter of the second ring is approximately 100 km at its widest point (Hildebrand et al., 1991). The multiring structure is mainly attributed to variations in the existing medium density caused by the propagation of the compressional wave. The two adjacent peak loops can be regarded as a wave cycle. The exact amplitude of the multiring structure will have changed over 66 million years due to gravity and other effects, but the wavelength information of the multiring structure can be used to estimate the frequency of the seismic source time function of the collision event.
The extraction of data on the multiring structure of meteorite craters in this study are based on previous measurements of gravity data (Hildebrand et al., 1991). The gravity data results mainly reflect changes in the density of the medium. To obtain relatively large amounts of reliable data, this study mined corresponding multiring structures and waveform diagrams from previous articles. Here, the ginput function of MATLAB is Primarily used for data extraction.
The multiring structure and waveform of the crater are shown in Figures 1, 2.
[image: Figure 1]FIGURE 1 | Schematic diagram of the crater multi-ring structure of the crater (Hildebrand et al., 1991), in which (A) represents the waveform data acquisition system, (B) represents the fracture caused by meteorite impact, and (C) represents the crater multi-ring structure, there are three multiring structures here, the first ring has a diameter of approximately 70 km, and the second ring has a diameter of approximately 100 km. These two circles represent wave peaks and can be considered as a waveform cycle.
[image: Figure 2]FIGURE 2 | Waveform maps of the same region extracted from the survey lines obtained in different articles (Sweeney, 1978; Hildebrand et al., 1991), the wavelength values of Line1 and Line2 are basically the same.
In addition to the multiring structure of the crater, the waveform results of the crater can also be used as an additional source of information in order to constrain the source information. The waveform results obtained from previous data are as shown in Figure 2.
Based on the above information, we can perform wave field simulations to obtain the source information.
3 SOURCE PARAMETER ESTIMATION
Generally, we can use the waveform inversion method to invert the source parameters (Simute et al., 2023). However, due to the limitations of the actual data that is available, and the risk of multiple solutions for parameters with limited data constraints, we use the data fitting method to study this problem. During the data fitting process, the wavelength information of the multiring structure of the meteorite crater is mainly affected by the source depth, dominant frequency, and of the medium wave velocity. The simulation of the multi-ring structure of a meteorite crater is shown below.
Firstly, we can approximate the corresponding wavelength range based on the relationship between wavelength, wave velocity, and frequency as follows.
[image: image]
Where [image: image] represents the wavelength information of the multi-ring structure, [image: image] represents the wave speed, and [image: image] represents the corresponding wave field frequency. The specific results are as follows.
In order to further estimate the relatively accurate source information, we can discuss the results. The rock structure of shallow surface craters is complex (Riller et al., 2018), but this study mainly focuses on low-frequency large-scale structure. To obtain the corresponding source depth. Here, we set the medium velocity to 1,500 m/s and the frequency to 0.1 Hz. Then, set different source depths for calculation. The source depth changes from 0 km to 30 km. The calculation result (Figure 3) shows that when the source is set at the surface, the first ring appears at the source, and as the depth increases, the diameter of the first ring gradually increases. Therefore, we can use the first ring diameter information to constrain the source depth information.
[image: Figure 3]FIGURE 3 | Influence of different source depths on multiring structure.
Next, we consider the influence of frequency on the multi-ring structure. At this time, we set the medium velocity to 5,000 m/s, change the frequency from 0.1 Hz to 0.25 Hz, and set the source depth to 20 km. The calculation result (Figure 4) shows that as the calculation frequency gradually increases, the multi-ring structure becomes increasingly dense, which manifests as a shorter wavelength. This information can be used to extract the approximate source dominant frequency information more accurately from the waveform information shown in Figure 2.
[image: Figure 4]FIGURE 4 | The impact of different frequencies on the structure of the multiple circles of the crater.
Finally, considering the impact of the wave velocity on the circular structure, the dominant frequency was set to 0.1 Hz, and the wave velocity was changed from 1,500 m/s to 3,000 m/s, and the source depth was set to 20 km. The calculation result is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Effect of different wave velocities on the multi-ring structure of the crater.
After discussing the influence of different source parameters on the structure of the crater, we compared the crater multiring structure, actual waveform information, and theoretical simulation results. In the actual simulation, the determined medium velocity of the formation was 5 km/s, based on the actual crustal velocity model (Dziewonski and Anderson, 1981). The comparison results are shown in Figure 6. The research results show that when the source depth is 20 km and the calculated frequency is 0.15 Hz, the simulated theoretical wavelength results are closest reconstruction of the actual results. At the same time, some scholars believe that this density change is due to the different thicknesses of the layers of deposited caused by fluctuations in the seismic shear wave, which resulted in a change in density (Morgan et al., 2022). For seismic shear waves, the main difference is that the wave velocity can vary to some extent, but for the simulated global impact of seismic fluctuations caused by meteorite impacts, such as those that are generated from a purely natural phenomena, this source parameter has little influence on the results.
[image: Figure 6]FIGURE 6 | (A) Simulated crater multiring structure, (B) Simulated waveform, noted as Line3 and the actual waveform comparison results.
Then, the corresponding source time function can be calculated.
4 SEISMIC WAVE EFFECTS ON THE SOLID EARTH
To estimate the harm caused by this event, relevant research was conducted on the source. For the meteorite impact process, previous theoretical analysis shows that the process is an external force impact problem (Yang and Chen., 2022). Therefore, the process is discussed first. For a force source, it can be expressed as [image: image] where [image: image] represents the amplitude, [image: image] represents the direction of the force, [image: image] represents the source position, and [image: image] is a source time function. The dominant frequency of the earthquake primarily has a specific impact on the amplitude value of the calculated results. The phenomenon of the presence of multiple circular fluctuations in meteorite craters indicates that this problem is a low-frequency seismological problem (Hildebrand et al., 1991). Considering the impact of the actual calculation amount and numerical accuracy, the half duration of the source time function in the following study is 15 s, and the calculated maximum frequency is approximately 0.11 Hz.
For the impact external force impact problem, we can use the impulse theorem to solve it. During the impact process, meteorites are mainly affected by the formation reaction force and the gravitational force of the Earth. The product of the gravitational force and time are negligible relative to the product of the impact velocity and mass of the meteorite, so it is approximately written as follows:
[image: image]
If the Rake wavelet is approximated to a triangular function, the external force is approximately [image: image] N. After obtaining the source information, we can conduct Seismic wave field simulation (Komatitsch and Tromp, 2002) to estimate the impact of this event on Solid earth.
In the process of using seismological methods to explore the influence of a meteorite impact on solid earth, we accidentally found that the area located beneath the impact of the Hiksurub meteorite would break due to the action of seismic waves, and the break showed clear similarities with the boundary between the Indian plate and the African plate (Figure 7).
[image: Figure 7]FIGURE 7 | Seismic displacement results with receivers set on the surface.
As one of the four fundamental theories in the field of natural science in the 20th century, plate tectonics are as important to earth science as the theory of relativity, quantum mechanics, and molecular biology are to the fields of physics and biology (Zheng, 2018). Its development is of great significance to the further development of geology, geochemistry, seismology, geodynamics, rock physics, and other disciplines (Holder et al., 2019). Exploring its initiation mechanism and the timing period of events have always been one of the most innivative of questions to investigate in the field of earth science (Wan et al., 2020).
The theory of plate tectonics originated from the hypothesis of continental drift and the theory of seafloor spreading (Cwojdzinski, 2017). According to the theory of plate tectonics, the lithosphere is rigid relative to the asthenosphere, beneath which lies the low viscosity asthenosphere (Conrad and Lithgow-Bertelloni, 2002). The lithosphere is not a uniform entity, but contains directionally heterogeneous characteristics and is divided into large and small blocks by many active zones, such as mid-ocean ridges, trenches, transform faults, Earth sutures, and continental rifts. The interior of the plates are stable, while the edges and joint zones of the plates are active zones on the Earth’s surface, with strong tectonic movement (Ouchi, 1985), magmatic activity (Pilger, 1984), volcanic activity (Canon and Walker, 2004), metamorphic rock (Holder et al., 2019), and seismic activity (Maouche et al., 2019). These active zones are also very favorable mineralization zones (Yang et al., 2022). Second, the lithospheric plates are themselves active. During continental drift, some plates move away from each other, and some collide with each other to form various geological structures, such as the Mid-Ocean Ridge (Macdonald et al., 1988) and the Alpine Himalayan Fold Belt (Ali et al., 2019). Major volcanic activity zones and major deep seismic zones around the world are also mainly distributed in these plate fractures zones (Barrier et al., 2021).
Plate tectonics are important for the field of seismology. The vast majority of earthquakes in the world are mainly concentrated in the seismic zones. Seismic zones refer to regular banded areas where earthquakes are concentrated, and these seismic zones principally coincide with the tectonic plate edges (Dewey, 1972). There are three main seismic zones on the Earth, namely, the Pacific Rim seismic zone (Yin et al., 2019), the Eurasian seismic zone (Tang et al., 2020), and the oceanic ridge seismic zone (Kagan, 2003). The Pacific Rim seismic belt (Wu et al., 2019) is mainly distributed on the continental margin of the Pacific Ocean. This seismic zone is the primary earthquake area of occurrence area on Earth, where most catastrophic earthquakes with magnitude 8 or above and global earthquakes are concentrated (Yin et al., 2019). In addition, seismic zones are also the main volcanic activity zones in the world. The second largest seismic zone in the world is the Eurasian seismic zone (Wu et al., 2019). There is also much volcanic activity in this area. Historically, many large earthquakes have occurred in this area. This seismic zone is widely distributed and basically covers the Eurasian and African continents. Ocean ridge seismic zones (Wu et al., 2019) are mainly distributed in the Pacific, Atlantic, and Indian oceans, including almost all of the ocean ridge tectonic regions.
Therefore, the theory of plate tectonics involves almost all topics that exist in the field of solid earth science. The plate structure is a sign that the Earth is different from other planets. Due to plate tectonics, materials within the Earth can interact and circulate between circles. This process is beneficial to Earth becoming the current blue livable planet (Stern and Leybourne, 2016). Exploring the initiation mechanisms and timing of events are of great significance to the development of the geosciences.
Regarding the starting time of plate tectonics, based on geological rocks, the possibility that plate tectonics began 4.44 billion to 1 billion years ago has been analyzed (Stern and Leybourne, 2016; Johnson et al., 2017; Weller and Stonge, 2017; Stern, 2018). According to the paleomagnetic evidence, this time period of initiation was advanced to having occurred 800 to 600 million years ago (Piper, 2013). Therefore, it can be considered that the of the global movement plate tectonics do not necessarily start at the same time, and varying start times of different plate tectonic may accompany different time periods of the Earth’s evolution. However, there is currently no detailed study on what forces caused the initiation of plate tectonics.
Currently, it is generally believed that there are two possible mechanisms for the initiation of plate tectonics, one is spontaneous generation, and the other is that they were induced by external factors (Zhang, 2022). Regarding spontaneous generation, the possibility of this situation was discussed through numerical simulation experiments (Gerya, 2014). However, this situation needs to reflect the existence of different densities that exist between different plates, and there are also weak zones between plates, which gradually evolve into subduction boundaries. Regarding the theory that tectonics were induced by external factors, some scientists have considered the possibility of early meteorite impacts on the Earth leading to meteorite impacts inducing plate tectonics. By explaining the origin of the Tarsi uplift on Mars, they have speculated on the possibility of meteorite impacts leading to the origin of the Earth’s plate tectonics (Yin, 2012; Maruyama et al., 2018). However, the above theory lacks quantitative constraints and corresponding direct evidence.
Figure 8 shows that due to the destructive effect of the strong seismic wave field energy on the solid earth, an obvious fault anomaly occurs in the Indian Ocean region, and the location of this fault anomaly is very consistent with the boundary of the earth plate. Therefore, we think that the meteorite impact event 66 million years ago may be the cause of this plate formation. To demonstrate that this fracture affects the entire lithosphere, we calculated seismic displacement results at different depths (Figure 8).
[image: Figure 8]FIGURE 8 | Seismic displacement results with receivers set at a depth of 50 km.
The research results show that this kind of fault has almost spread to the entire lithosphere, which may induce the formation of plates in the region. Of course, in addition to being affected by the seismic source, this calculation result can also be influenced by the Earth model. Here, the S362ANI model is used. Sixty-five million years ago, except for the Atlantic region, the Earth model was basically consistent with the current model (Merdith et al., 2021).
5 CONCLUTION AND DISCUSSION
Based on seismological methods, this study quantitatively explored the impact of seismic wave effects that were generated by meteorite impacts over 66 million years ago on the solid Earth itself. The research results show that this event promoted the formation of the Indian Ocean plate. This result is of great significance for improving our understanding of spatial distribution patterns of the globe disaster risk from outer space, as well as for the development of plate tectonics theory.
This study has also highlighted some unresolved issues in the field of earth science.
1. In addition to the formation of plate tectonics, meteorite impacts can also form some special internal and external anomalies of the Earth, but existing theories cannot well describe the dynamic formation process of these phenomena. In theory, the best mathematical and physical description method for this study should be the application of geodynamics, which describe the process of meteorites impacting the Earth from the perspective of earthquake sources and geodynamics, as well as their infulence on the progression of future tectonic changes on Earth. However, the existing geodynamic methods mainly describe the Earth’s change process on a large time scale. For the rapid external force effect of meteorite impact, further research may be needed. This method will have an important role in studying the past and present, and predicting the future of the Earth, and can also help us accelerate the evolution of exoplanets to make them more suitable for human beings.
2. The direct evidence for meteorite impacts primarily comes from the multi-ring structure of the crater. This study is generally aimed at extracting source parameter information from the multi-ring structure of a meteorite crater to conduct global seismic wave field simulation, without involving the dynamic formation process of the meteorite crater itself. The further development of elastoplastic wave theory in the future can better help us better understand the formation process of meteorite craters.
3. Among the numerous tectonic plate divisions, the most obvious is the boundary that exists between the American plate and the African plate. The continental drift hypothesis suggests that the two plates originally belonged to the same plate. Based on the comparison of similarities and differences between strata and rocks, it is theoretically possible to predict when the plate split in the past. For the development of the fracture mechanism, concurrent meteorite impacts may further verify this view.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
The author confirms being the sole contributor of this work and has approved it for publication.
FUNDING
This research was supported by the National Key Research and Development Program of China (No. 2021YFC3000702), and the National Natural Science Foundation of China (Grant Nos. U1901602 and 41790465).
ACKNOWLEDGMENTS
We appreciate the invitation from the journal and Huang Fuqiong. We thank the editor and reviewers for their valuable opinions and suggestions during the revision of this article.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ali, S. A., Nutman, A. P., Aswad, K. J., and Jones, B. G. (2019). Overview of the tectonic evolution of the Iraqi zagros thrust zone: sixty million years of neotethyan ocean subduction. J. Geodyn. 129, 162–177. doi:10.1016/j.jog.2019.03.007
 Alvarez, L. W., Alvarez, W., Asaro, F., and Michel, H. V. (1980). Extraterrestrial cause for the Cretaceous/Tertiary extinction. Science 208, 1095–1108. doi:10.1126/science.208.4448.1095
 Barrier, A., Bischoff, A., Nicol, A., Browne, G. H., and Bassett, K. N. (2021). Relationships between volcanism and plate tectonics: A case-study from the canterbury basin, New Zealand. Mar. Geol. 433, 106397. doi:10.1016/j.margeo.2020.106397
 Bierhaus, E. B., Trang, D., Daly, R. T., Bennett, C. A., Barnouin, O. S., Walsh, K. J., et al. (2022). Crater population on asteroid (101955) Bennu indicates impact armouring and a young surface. Nat. Geosci. 15, 440–446. doi:10.1038/s41561-022-00914-5
 Caglar, N., Vural, I., Kirtel, O., Saribiyik, A., and Sumer, Y. (2023). Structural damages observed in buildings after the January 24, 2020 Elazığ-Sivrice earthquake in Türkiye. Case Stud. Constr. Mater. 18, e01886. doi:10.1016/j.cscm.2023.e01886
 Cañón-Tapia, E., and Walker, G. P. (2004). Global aspects of volcanism: the perspectives of “plate tectonics” and “volcanic systems”. Earth-Science Rev. 66 (1-2), 163–182. doi:10.1016/j.earscirev.2003.11.001
 Collins, G. S., Patel, N., Davison, T. M., Rae, A. S. P., Morgan, J. V., Gulick, S. P. S., et al. (2020). A steeply-inclined trajectory for the Chicxulub impact. Nat. Commun. 11, 1480. doi:10.1038/s41467-020-15269-x
 Conrad, C. P., and Lithgow-Bertelloni, C. (2002). How mantle slabs drive plate tectonics. Science 298 (5591), 207–209. doi:10.1126/science.1074161
 Cwojdzinski, S. (2017). History of a discussion: selected aspects of the earth expansion v. plate tectonics theories. Spec. Publ. 442 (1), 93–104. doi:10.1144/sp442.24
 Dewey, J. F. (1972). Plate tectonics. Sci. Am. 226 (5), 56–68. doi:10.1038/scientificamerican0572-56
 Dziewonski, A. M., and Anderson, D. L. (1981). Preliminary reference Earth model. Phys. earth Planet. interiors 25, 297–356. doi:10.1016/0031-9201(81)90046-7
 Gerya, T. (2014). Precambrian geodynamics: concepts and models. Gondwana Res. 25 (2), 442–463. doi:10.1016/j.gr.2012.11.008
 Goderis, S., Sato, H., Ferrière, L., Schmitz, B., Burney, D., Kaskes, P., et al. (2021). Globally distributed iridium layer preserved within the Chicxulub impact structure. Sci. Adv. 7, ABE3647. doi:10.1126/sciadv.abe3647
 Gulick, S., Christeson, G., Barton, P., Grieve, R., Morgan, J., and Urrutia-Fucugauchi, J. (2013). Geophysical characterization of the Chicxulub impact crater. Rev. Geophys. 51, 31–52. doi:10.1002/rog.20007
 Hildebrand, A. R., Penfield, G. T., Kring, D. A., Pilkington, M., Camargo Z., A., Jacobsen, S. B., et al. (1991). Chicxulub Crater: A possible cretaceous/tertiary boundary impact crater on the yucatán Peninsula, Mexico. Mex. Geol. 19, 867–871. doi:10.1130/0091-7613(1991)019<0867:ccapct>2.3.co;2
 Holder, R. M., Viete, D. R., Brown, M., and Johnson, T. E. (2019). Metamorphism and the evolution of plate tectonics. Nature 572 (7769), 378–381. doi:10.1038/s41586-019-1462-2
 Holsapple, K. A., and Schmidt, R. M. (1987). Point source solutions and coupling parameters in cratering mechanics. J. Geophys. Res. Solid Earth 92 (B7), 6350–6376. doi:10.1029/jb092ib07p06350
 Hull Pincelli, M., Bornemann, A., Penman, D. E., Henehan, M. J., Norris, R. D., Wilson, P. A., et al. (2020). On impact and volcanism across the Cretaceous-Paleogene boundary. Science 367, 266–272. doi:10.1126/science.aay5055
 Isadorade Macedo, A. S., de Figueiredo, J. J. S., de Sousa, M. C., and Nascimento, M. J. (2020). Estimation of the seismic wavelet through homomorphic deconvolution and well log data: application on well-to-seismic tie procedure. Geophys. Prospect. 68, 1328–1340. doi:10.1111/1365-2478.12908
 Johnson, T. E., Brown, M., Gardiner, N. J., Kirkland, C. L., and Smithies, R. H. (2017). Earth’s first stable continents did not form by subduction. Nature 543 (7644), 239–242. doi:10.1038/nature21383
 Kagan, Y. Y. (2003). Accuracy of modern global earthquake catalogs. Phys. Earth Planet. Interiors 135 (2-3), 173–209. doi:10.1016/s0031-9201(02)00214-5
 Kim, D., Banerdt, W. B., Ceylan, S., Giardini, D., Lekić, V., Lognonné, P., et al. (2022). Surface waves and crustal structure on Mars. Science 378 (6618), 417–421. doi:10.1126/science.abq7157
 Kimi, K. B., and Vijayan, S. (2023). Mare filled craters on the Moon. Icarus 390, 115298. doi:10.1016/j.icarus.2022.115298
 Komatitsch, J. R., and Tromp, J. (2002). The spectral-element method, Beowulf computing, and global seismology. Science 298 (5599), 1737–1742. doi:10.1126/science.1076024
 Kring, D. A. (1997). Air blast produced by the Meteor Crater impact event and a reconstruction of the affected environment. Meteorit. Planet. Sci. 32, 517–530. doi:10.1111/j.1945-5100.1997.tb01297.x
 Kunio, K., Oshima, N., Adachi, K., Adachi, Y., Mizukami, T., Fujibayashi, M., et al. (2016). Global climate change driven by soot at the K-Pg boundary as the cause of the mass extinction. Sci. Rep. 6, 28427. doi:10.1038/srep28427
 Li, C., and Chen, X. (2021). Efficient solution of large scale matrix of acoustic wave equations in 3D frequency domain. Appl. Geophys. 18, 299–316. doi:10.1007/s11770-020-0844-4
 Macdonald, K. C., Fox, P. J., Perram, L. J., Eisen, M. F., Haymon, R. M., Miller, S. P., et al. (1988). A new view of the mid-ocean ridge from the behaviour of ridge-axis discontinuities. Nature 335 (6187), 217–225. doi:10.1038/335217a0
 Maouche, S., Bouhadad, Y., Harbi, A., Rouchiche, Y., Ousadou, F., and Ayadi, A. (2019). Active tectonics and seismic hazard in the tell atlas (northern Algeria): A review. Geol. Arab World-An Overv. , 381–400. doi:10.1007/978-3-319-96794-3_10
 Mark, B., Sholes, S., and Hwang, A. (2022). Impact craters and the observability of ancient martian shorelines[J]. Icarus 387. doi:10.1016/j.icarus.2022.115178
 Maruyama, S., Santosh, M., and Azuma, S. (2018). Initiation of plate tectonics in the hadean: eclogitization triggered by the ABEL bombardment. Geosci. Front. 9 (4), 1033–1048. doi:10.1016/j.gsf.2016.11.009
 Merdith, A. S., Williams, S. E., Collins, A. S., Tetley, M. G., Mulder, J. A., Blades, M. L., et al. (2021). Extending full-plate tectonic models into deep time: linking the neoproterozoic and the phanerozoic. Earth-Science Rev. 214, 103477. doi:10.1016/j.earscirev.2020.103477
 Morgan Joanna, V., Bralower, T. J., Brugger, J., and Wünnemann, K. (2022). The Chicxulub impact and its environmental consequences. Nat. Rev. Earth Environ. 3, 338–354. doi:10.1038/s43017-022-00283-y
 Morgan, J. V., Warner, M. R., Collins, G. S., Grieve, R. A. F., Christeson, G. L., Gulick, S. P. S., et al. (2011). Full waveform tomographic images of the peak ring at the Chicxulub impact crater. J. Geophys. Res. 116, B06303. doi:10.1029/2010jb008015
 Morgan, J., Warner, M., Brittan, J., Buffler, R., Camargo, A., Trejo, A., et al. Chicxulub Working Group (1997). Size and morphology of the Chicxulub impact crater. Nat. Int. Wkly. J. Sci. 390 (6659), 472–476. doi:10.1038/37291
 Nixon, C. G., Schmitt, D. R., Kofman, R., Lofi, J., Gulick, S. P., Saustrup, S., et al. (2022). Borehole seismic observations from the Chicxulub impact drilling: implications for seismic reflectivity and impact damage. Geochem. Geophys. ,Geosystems 23 (3), e2021GC009959. doi:10.1029/2021gc009959
 Ouchi, S. (1985). Response of alluvial rivers to slow active tectonic movement. Geol. Soc. Am. Bull. 96 (4), 504–515. doi:10.1130/0016-7606(1985)96<504:roarts>2.0.co;2
 Pilger, R. H. (1984). Cenozoic plate kinematics, subduction and magmatism: south American andes. J. Geol. Soc. 141 (5), 793–802. doi:10.1144/gsjgs.141.5.0793
 Piper, J. D. A. (2013). A planetary perspective on earth evolution: lid tectonics before plate tectonics. Tectonophysics 589, 44–56. doi:10.1016/j.tecto.2012.12.042
 Range Molly, M. (2022). The Chicxulub impact produced a powerful global tsunami[J]. AGU Adv. 3, e2021AV000629. doi:10.1029/2021AV000627
 Ricker, N. H. (1977). Transient waves in visco-elastic media. New York: Elsevier. 
 Riller, U., Poelchau, M. H., Rae, A. S., Schulte, F. M., Collins, G. S., Melosh, H. J., et al. (2018). Rock fluidization during peak-ring formation of large impact structures. Nature 562 (7728), 511–518. doi:10.1038/s41586-018-0607-z
 Ross, C. H., Stockli, D. F., Rasmussen, C., Gulick, S. P., De Graaff, S. J., Claeys, P., et al. (2022). Evidence of Carboniferous arc magmatism preserved in the Chicxulub impact structure. GSA Bull. 134 (1-2), 241–260. doi:10.1130/b35831.1
 Schulte, P., Alegret, L., Arenillas, I., Arz, J. A., Barton, P. J., Bown, P. R., et al. (2010). The Chicxulub asteroid impact and mass extinction at the Cretaceous-Paleogene boundary. Science 327, 1214–1218. doi:10.1126/science.1177265
 Simutė, S., Boehm, C., Krischer, L., Gokhberg, A., Vallée, M., and Fichtner, A. (2023). Bayesian seismic source inversion with a 3-D Earth model of the Japanese Islands. J. Geophys. Res. Solid Earth 128 (1), e2022JB024231. doi:10.1029/2022jb024231
 Stahler, S. C., Khan, A., Banerdt, W. B., Lognonné, P., Giardini, D., Ceylan, S., et al. (2021). Seismic detection of the martian core. Science 373, 443–448. doi:10.1126/science.abi7730
 Stern, R. J., Leybourne, M. I., and Tsujimori, T. (2016). Kimberlites and the start of plate tectonics. Geology 44, 799–802. doi:10.1130/g38024.1
 Stern, R. J. (2018). The evolution of plate tectonics. Philos. Trans. R. Soc. A 376, 20170406. doi:10.1098/rsta.2017.0406
 Sweeney, J. F. (1978). Gravity study of great impact. J. Geophys. Res. Solid Earth 83 (B6), 2809–2815. doi:10.1029/jb083ib06p02809
 Tang, Y., Liu, S., Li, X., Fan, Y., Deng, Y., Liu, Y., et al. (2020). Earthquakes spatio–temporal distribution and fractal analysis in the Eurasian seismic belt. Sci. Fis. Nat. 31, 203–209. doi:10.1007/s12210-020-00871-4
 Teanby, N. A., and Wookey, J. (2011). Seismic detection of meteorite impacts on Mars. Phys. Earth Planet. Interiors 186 (1–2), 70–80. doi:10.1016/j.pepi.2011.03.004
 Venkatesan, M. I., and Dahl, J. (1989). Organic geochemical evidence for global fires at the Cretaceous/Tertiary boundary. Nature 338, 57–60. doi:10.1038/338057a0
 Wan, B., Yang, X., Tian, X., Yuan, H., Kirscher, U., and Mitchell, R. N. (2020). Seismological evidence for the earliest global subduction network at 2 Ga ago. Sci. Adv. 6 (32), eabc5491. doi:10.1126/sciadv.abc5491
 Weller, O. M., and Stonge, M. R. (2017). Record of modern-style plate tectonics in the Palaeoproterozoic Trans-Hudson orogen. Nat. Geosci. 10 (4), 305–311. doi:10.1038/ngeo2904
 Wu, C., Cui, P., and Li, Y. (2019). “Spatial distribution of coseismic landslides around a UNESCO world heritage site: a case of the 2017 jiuzhaigou earthquake,” in Geophysical research abstracts , 21. 
 Yang, S., Wang, Q., Liu, X., Kan, Z., Santosh, M., and Deng, J. (2022). Global spatio-temporal variations and metallogenic diversity of karst bauxites and their tectonic, paleogeographic and paleoclimatic relationship with the Tethyan realm evolution. Earth-Science Rev. 233, 104184. doi:10.1016/j.earscirev.2022.104184
 Yang, Y., and Chen, X. (2022). A seismic meteor strike on Mars. Science 378 (6618), 360–361. doi:10.1126/science.add8574
 Yin, A. (2012). An episodic slab-rollback model for the origin of the tharsis rise on Mars: implications for initiation of local plate subduction and final unification of a kinematically linked global plate-tectonic network on earth. Lithosphere 4 (6), 553–593. doi:10.1130/l195.1
 Yin, L., Li, X., Zheng, W., Yin, Z., Song, L., Ge, L., et al. (2019). Fractal dimension analysis for seismicity spatial and temporal distribution in the circum-Pacific seismic belt. J. Earth Syst. Sci. 128, 22–27. doi:10.1007/s12040-018-1040-2
 Zhang, S. (2022). When and how plate tectonics begun on earth?. Earth Sci. 47 (10), 3806–3815. doi:10.3799/dqkx.2022.817
 Zheng, Y. F. (2018). Fifty years of plate tectonics. Natl. Sci. Rev. 5 (2), 119. doi:10.1093/nsr/nwy024
Conflict of interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 26 September 2023
doi: 10.3389/feart.2023.1260559


[image: image2]
Groundwater trace element changes were probably induced by the ML3.3 earthquake in Chaoyang district, Beijing
Yuxuan Chen1* and Jianbo Liu2
1Beijing Earthquake Agency, Beijing, China
2Key Laboratory of Orogenic Belts and Crustal Evolution, Ministry of Education, School of Earth and Space Sciences, Peking University, Beijing, China
Edited by:
Giovanni Martinelli, National Institute of Geophysics and Volcanology, Italy
Reviewed by:
Xiaocheng Zhou, China Earthquake Administration, China
Omid Memarian Sorkhabi, University College Dublin, Ireland
Gaetano De Luca, National Institute of Geophysics and Volcanology (INGV), Italy
* Correspondence: Yuxuan Chen, cyx630@163.com
Received: 18 July 2023
Accepted: 04 September 2023
Published: 26 September 2023
Citation: Chen Y and Liu J (2023) Groundwater trace element changes were probably induced by the ML3.3 earthquake in Chaoyang district, Beijing. Front. Earth Sci. 11:1260559. doi: 10.3389/feart.2023.1260559

Geochemical composition changes in groundwater related to earthquakes have been documented in previous studies, and most such studies focused on the changes in major ions, hydrogen, oxygen isotopes, and geochemical gases. Changes in trace elements were suggested to be more sensitive to small earthquakes than the commonly used chemical constituents such as major ions, yet they received less attention. Beijing is located in the Zhangjiakou-Bohai seismic belt and experiences frequent occurrences of small earthquakes. In this paper, we collected groundwater samples from a hot spring in Yanqing district of Beijing weekly from August 2021 to August 2022. Each water sample contained 41 trace chemical compositions. During the sampling, an earthquake with a magnitude of ML3.3 occurred in the Chaoyang district of Beijing on 3 February 2022, so these trace elements changes were systematically monitored before and after the earthquake: Li, Sc, Ti, and Pb elements had upward changes before the earthquake, while Cu, Nb, Th, Zn, Tl, and U elements had downward changes before the earthquake. Eu (rare earth elements) had upward changes after the earthquake. At the same time, the earthquake caused no significant changes in the groundwater level in the seismic monitoring well near the Songshan spring. Such responses indicate that trace elements are likely to be more sensitive to crustal strain than groundwater level. We considered that the earthquake-induced rock cracks before or after the earthquake caused enhancing water-rock interaction and led to the migration of trace elements between the water column and rocks, which is the mechanism to explain the trace elemental changes. This study probably provides a comprehensive assessment of the sensitivity of trace element constituents to the earthquake. Furthermore, we suggest that more long-term continuous monitoring and research of trace elements in Beijing and Zhangjiakou-Bohai Fault Zone should be considered to explore the response mechanism of groundwater geochemistry to earthquakes in the future.
Keywords: Zhangjiakou-bohai fault zone, earthquake monitor, geochemistry, rare earth elements, small earthquake
1 INTRODUCTION
As part of the earthquake precursor detection program, changes in groundwater levels, temperatures, and chemical composition related to earthquakes have been documented for decades (Toutain et al., 1997; Roeloffs, 1998; Montgomery and Manga, 2003; Wang and Manga, 2010; Skelton et al., 2014; Manga and Wang, 2015; De Luca et al., 2018; Martinelli, 2020). Because of the feasibility of using automated monitoring systems, earthquake-related changes in water levels, temperatures, and radon concentrations are the most commonly reported responses (King, 1981; Kitagawa et al., 1996; Manga and Wang, 2015; Martinelli, 2020). Hence, these monitoring methods of groundwater also play key roles in precursor detection in China, and a nationwide network of monitoring wells located along strain-sensitive locations has been constructed for this purpose.
In contrast, groundwater geochemical changes induced by earthquakes have been documented relatively rarely (Martinelli, 2020; Shi et al., 2020) because manual sampling and expensive, time-consuming laboratory analyses are required (Wang and Manga, 2010). However, such studies are highly important because earthquake-related chemical changes are considered to be sensitive to crustal stress and to be beneficial for earthquake prediction (Thomas, 1988; Wakita, 1996; Poitrasson et al., 1999; Manga and Wang, 2015; Martinelli and Dadomo, 2017; Shi et al., 2020; Kopylova et al., 2022). For instance, based in part on hundreds of hydrological anomalies including geochemical changes, an imminent prediction was made before the 1975 M 7.3 Haicheng earthquake in China (Wang et al., 2006). Following the 1995 M7.2 Kobe earthquake, several papers reported precursory changes in the concentrations of radon, chlorine, and sulfate ions in groundwater (Igarashi et al., 1995; Igarashi and Wakita, 1995; Tsunogai and Wakita, 1995). Claesson et al. (2004) observed simultaneous changes in trace elements, major elements, and isotopes before and after major earthquakes. Barberio et al. (2017) and Rosen et al. (2018) found that some trace elements exhibited responses to the seismic sequence in central Italy. Skelton et al. (2019) found that changes in major ions and hydrogen and oxygen isotopes were associated with three different earthquakes in Iceland. Shi et al. (2020) found that trace element concentrations showed coseismic decreases following the Tonghai earthquake in the Yunnan Province of China, but no significant changes occurred in major ions and hydrogen and oxygen isotope concentrations.
Overall, according to previous geochemical research, most documented studies investigated the major elements (Tsunogai and Wakita, 1995; Toutain et al., 1997; Kingsley et al., 2001; Woith et al., 2013) and hydrogen and oxygen isotopes related to destructive great earthquakes (Taran et al., 2005; Skelton et al., 2019), and only a few studies focused on trace elements’ responses to the earthquake (Rosen et al., 2018; Shi et al., 2020) despite changes in trace elements being more sensitive to small earthquakes than the commonly used chemical constituents. In this paper, we continuously collected 36 water samples of the hot spring from August 2021 to August 2022, and each water sample contained 41 trace elements which contributed to the comparison of the different responses to earthquakes and the discussion on the possible mechanisms and their implications for future seismic monitoring.
2 BACKGROUND
North China has experienced a period of strong earthquakes frequently over the last few decades. From 1966 to 1998, a series of strong earthquakes occurred, such as the Xingtai M7.2 earthquake in 1966, the Bohai M7.4 earthquake in 1969, the Haicheng M7.3 earthquake in 1975, and the Tangshan M7.8 earthquake in 1976. Since the Zhangbei M6.2 earthquake in 1998, there has been no earthquake above M6 for 20 years. The seismic activity in North China has been relatively quiet, and there would be a potential danger of damaging earthquakes in the next few years.
Zhangjiakou-Bohai Fault Zone is a group of NW-W orderly active fault zones with high seismic activity in North China; the fault zone starting from the northern margin of Taihang Mountain in the west is distributed along the junction area of Yanshan Mountain and the North China Basin and enters the Bohai Sea in the east. In this zone, many violent earthquakes above M6 have occurred (Yang et al., 2022), so it is an important fault zone for earthquake monitoring and research.
Beijing is the capital of China with a large population, and it is located at the intersection of the North China Plain and Zhangjiakou-Bohai seismic belt, where active faults have developed. These faults mainly included the NW orderly Nankou-Sunhe Fault Zone and two groups of NE orderly active fault zones named Huangzhuang-Gaoliying Fault Zone and Shunyi-Liangxiang Fault Zone. All earthquakes occurred along these fault zones or where they intersect (Figure 1), and all these earthquakes were less than M6. Therefore, it is of great scientific and practical significance to carry out small earthquake monitoring and forecasting in the Beijing area.
[image: Figure 1]FIGURE 1 | Earthquake distribution of the Beijing area from August 2021 to August 2022 and the time sequence of earthquakes above M1.0. The biggest yellow circle is the Chaoyang ML3.3 earthquake, and the yellow and green triangles are the locations of the Songshan hot spring and Wuliying monitoring well, respectively.
To better monitor the seismic activity in the capital area, the Chinese Earthquake Administration (CEA) started to deploy the Beijing Metropolitan Digital Seismic Network (BSN) in the late 90s. Currently, the network consists of broadband, borehole, and surface short-period stations that cover Beijing and the surrounding areas densely and uniformly (Jiang et al., 2008; Li and Huang, 2014). Since 2001, 107 stations have been installed in the Chinese capital region, which is the most advanced and densest digital seismic network in Mainland China. A large number of high-quality waveforms have been recorded, which provides an opportunity to improve the location accuracy of small earthquakes in the region (Jiang et al., 2008).
Beijing hosted the 2022 Winter Olympic Games from February 4th to 20th. During this time, continuous monitoring of possible earthquake areas was strengthened. On 3 February 2022, an earthquake with a magnitude of ML3.3 occurred in the Chaoyang district of Beijing (Figure 1). In this study, we conducted the geochemical monitoring study of the Songshan hot spring located in the Yanqing district of Beijing; the spring had an epicentral distance of ∼75 km from the Chaoyang earthquake (Figure 1). Geographically, this spring is exposed to the valley of Dahaituo Mountain which is composed of granite with fissure development (Yang et al., 2001), and fault activities were good channels for deep groundwater migration. The groundwater of Songshan spring comes from the granite of Dahaituo Mountain; there is no lake, river, or surface reservoir in the area.
Songshan Spring is an artesian type of rising spring, and the water is from the granite rock body. The spring has 41°C–42°C water temperature, high fluoride content (15.93 mg/L), and high silica content (54 mg/L); the water type is Na-SO4 (Yang et al., 2001). The main observation items of Songshan Spring were water mercury and there were high correspondences between mercury anomalies and earthquakes (Yang et al., 2001).
In addition, a seismic groundwater monitoring well named Wuliying is ∼10 km near the Songshan spring. The Wuliying well is located on the subsidence transition zone at the northern edge of the Yanqing Basin, with compressive faults developing around the well area (Gao and Xing, 2011). The groundwater level observation is one of the items of the Wuliying well and is usually recorded at 1-min intervals by a SWY-2 digital instrument developed and produced by the Institute of Crustal Dynamics, China Earthquake Administration. The water-level sensor has a range of 0–50 m, resolution of 1 mm, sampling interval of 1 s, precision of 0.02 percent, and accuracy of 0.05 percent.
3 METHODS
3.1 Data collection
Since the Songshan spring belongs to the Yanqing District Earthquake Agency, water samples from the mouth of the fresh spring were collected by the staff working at this station every 7–12 days; the sample collection was from August 2021 to August 2022, and a total of 36 water samples were collected over the monitored period. Each sample was stored in a 200 mL polyethylene bottle. All samples were sent monthly to the Beijing Research Institute of Uranium Geology for 41 trace element constituents analysis, including Li, Ti, Pb, Sc, Ni, Cu, Nb, Th, Zn, Tl, U, Ga, Mo, Ba, Rb, Cs, Sr, Be, Mn, Cr, Co, Y, and Bi as well as rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Y, Ho, Er, Tm, Yb, and Lu) (Supplementary Material,). These trace elements’ concentrations were analyzed with the same instrument (An ELEMENT XR mass spectrometer) and the same staff for accuracy. The analytical precision is better than ±2%.
3.2 Statistical analyses
We use 41 trace elemental composition data to calculate a Pearson correlation matrix (r values) that can quantitatively indicate the correlation between each element. The correlation matrix was a visual network by R program to check geochemical elemental clustering and grouping (Figure 4). In the network, each geochemical element is a node and each correlation is an edge in which the width of the edges according to the magnitude of the correlation and the placement of the nodes is a function of the pattern of correlations (Epskamp et al., 2012). This means that stronger correlations have shorter and wider edges and closer placement of nodes (Chen et al., 2021).
Data smoothing methods include LOWESS, rLOWESS, LOESS, and rLOESS using Matlab (Chen, 2023). The LOWESS (Locally Weighted Scatterplot Smoothing) means local regression using weighted linear least squares and a first-degree polynomial model. The rLOWESS means a robust version of LOWESS that assigns lower weight to outliers in the regression. The LOESS means local regression using weighted linear least squares and a second-degree polynomial model. The rLOESS means a robust version of LOESS.
4 RESULTS
Songshan spring has no water level monitoring; we checked water level changes in the Wuliying well near the spring for hydrological responses to earthquakes. The groundwater level in the Wuliying well continuously increased from 1.3 to 1.8 m between July 2021 and August 2021 (Figure 2). No abnormal changes in groundwater level were found related to any earthquakes (Figure 2). The water level change also has no relationship to precipitation as there is only large precipitation during summer (from June to August every year).
[image: Figure 2]FIGURE 2 | Precipitation (A) and water level changes (B) in the Wuliying well which is ∼10 km away from the Songshan hot spring. The blue vertical line shows the time of the Chaoyang ML3.3 earthquake.
The results of analyses of the 36 water samples are listed in the Supplementary Material, (Concentrations of 41 trace elements of each water sample in the Songshan spring). The PAAS-normalized 15 rare earth elements (REE) display remarkable positive Eu anomalies and flat distribution patterns (Figure 3A). Eu concentrations showed a significant increase from 0.002 to 0.007 mg/L from February 2022 to August 2022 (the end of sampling in August) (Figure 3B). These changes were more evident when data smoothing using the mathematic method (rLOWESS, robust Locally Weighted Scatterplot Smoothing) (Figure 3C). Eu had a marked increase after early February.
[image: Figure 3]FIGURE 3 | PAAS shale-normalized REE patterns (A) and variation of Eu element during the study period (B,C). The blue vertical line shows the time of the Chaoyang ML3.3 earthquake.
Apart from REE, the other 26 trace elements show different changes over the monitored period. Based on element correlative clustering, these elements’ constitutes can be broadly classified into four groups (Figure 4). The first group consists of Li, Sc, Ti, and Pb elements which cluster each other in the correlation network (pink circles in Figure 4). The second group consists of Cu, Nb, Th, Zn, Tl, and U elements clustering in grey circles in Figure 4. The third group consists of Ga, Mo, Ba, Rb, Cs, and Sr elements clustering in green circles in Figure 4. The fourth group consists of Be, Mn, Cr, Co, Y, Bi, Cd, Sb, Ni, and V elements dispersing in the correlation network (white circles in Figure 4).
[image: Figure 4]FIGURE 4 | Element correlation matrix (A) and Elemental correlation cluster (B). Each circle in (A) represents the strength of element correlation; the larger the circle, the stronger the correlation and the box shows that the correlation has statistical significance. Network in (B) structures based on Pearson correlation matrix of geochemical data. Each geochemical element is a node and each correlation is an edge. Stronger correlations have shorter and wider edges and closer placement of nodes.
The elements of the first group had upward changes (Figure 5): Li, Sc, Ti, and Pb concentrations continued to rise from December 2021 to February 2022 and peak, then remained stable at high values from March to May 2022, and decreased from June to August 2022 (several months after the earthquake). These changes were quite marked when using the smoothing methods (LOWESS, rLOWESS, LOESS, and rLOESS) (Figure 5).
[image: Figure 5]FIGURE 5 | Variation of the first group of Li, Sc, Ti, and Pb during the study period (The black line indicates raw data. The green line, blue dotted line, red dashed line, and purple dashed line indicate the LOWESS, rLOWESS, LOESS, and rLOESS fitting methods, respectively). The blue vertical line shows the time of the Chaoyang ML3.3 earthquake.
The elements of the second group had significant downward changes (Figure 6): Cu, Nb, Th, Zn, and Tl contents continued to decline from August 2021 to January 2022, then remained stable at minimum values from February to August 2022 (Figure 6). U contents declined from August 2021 to October 2021, then maintained stable values from November 2021 to February 2022, and the last decreased from March to August 2022 (Figure 6).
[image: Figure 6]FIGURE 6 | Variation of the second group of Cu, Nb, Th, Zn, Tl, and U during the study period. The blue vertical line shows the time of the Chaoyang ML3.3 earthquake.
The elements of the third group had upward and then downward changes (up-convex shape) (Figure 7): elemental concentrations continued to rise from August 2021 to January 2022 and peaked, then remained stable at high values from February to April 2022, and the last decreased from May to August 2022 (Figure 7).
[image: Figure 7]FIGURE 7 | Variation of the third group of Ga, Mo, Ba, Rb, Cs, and Sr during the study period.
The elements of the fourth group had no regular changes, and the relationship with earthquakes was not clear.
5 DISCUSSION
Chaoyang ML3.3 earthquake was an epicentral distance of ∼75 km from Songshan hot spring (Figure 1). The seismic energy density produced by this earthquake at the Songshan hot spring was ∼0.0019 J/m3 (calculation according to the method by Wang, 2007), which is the same order of magnitude with the minimum energy density (10–4 J/m3) that was required to trigger hydrological responses based on global observations (Wang, 2007). However, there were no changes in the groundwater level of the Wuliying well near the Songshan spring groundwater level to the Chaoyang earthquake, which means that the Chaoyang ML3.3 earthquake might have been too small to cause the hydrological responses of Songshan spring, and no additional water into the wellbore could be expected.
According to the above results, the changes in trace elements have a strong temporal correlation with earthquakes, which means that trace elements were probably sensitive to the small earthquake, but different kinds of trace elements have particular responses to the Chaoyang earthquake, for instance, the Eu element of rare earth elements had obvious upward changes after the Chaoyang earthquake. The first group elements’ (Li, Sc, Ti, and Pb) concentrations had upward changes 2 months before the Chaoyang earthquake, then returned to their initial concentration a few months after the earthquake. The second group elements’ (Cu, Nb, Th, Zn, Tl, and U) concentrations had downward changes a few months before the Chaoyang earthquake, then maintained stable minimum values until the end of sampling.
5.1 Mechanism analysis
What mechanism could explain our observation? The trace elements were not commonly measured in the previous geochemical studies, and only a very limited number of cases could be found (Shi et al., 2020). Many previous studies have documented co-seismic groundwater level changes following earthquakes and have proposed several mechanisms to explain the responses, such as co-seismic static strain-induced dilation and compaction (Ge and Stover, 2000), liquefication or consolidation of sediments (Wang et al., 2001), and permeability changes caused by shaking (Brodsky et al., 2003). However, mechanism explanations for geochemical anomalies are relatively rare and based on co-seismic geochemical changes following the earthquake (Claesson et al., 2007; Shi et al., 2020). For instance, a great part of the geochemical variations in the chemical composition of groundwaters was attributed to aquifer mixing processes (Thomas, 1988). Geochemical gases involved in the Earth’s degassing activity are considered responsible for water-gas-rock interaction processes able to induce chemical variations in groundwater composition (King, 1986; Martinelli, 2015). About all geochemical anomalies have been directly or indirectly attributable to deep fluid pressure variations induced by crustal deformative processes since fluid pressure is proportional to stress and volumetric strain (Petrini et al., 2012). In this study, we have examined many trace element constituents’ responses to the earthquake in relatively high sample rates and found different constituents obviously increased or decreased changes before or after the Chaoyang earthquake. All trace elements’ changes were not co-seismic, so previous mechanisms' explanations might not have been applied to changes in trace elements of our observation.
We considered the previously proposed mechanisms for changes in chemical elements (Claesson et al., 2007; Rosen et al., 2018; Shi et al., 2020). Favara et al. (2001) collected geochemical compositions (Ca, Cl, and SO4) at three thermal springs in the Umbria region of the Central Apennines (Italy) seismic swarm from 1997 to 1998. The authors suggested that the recorded variations actually seem to have been induced by permeability variations related to crustal deformation in the absence of elastic energy release. According to Claesson et al. (2007), the increase in reactive surface area would lead to more extensive water-rock interaction, and increases in concentrations of some dissolved cations would be expected. Rosen et al. (2018) proposed that the changes in trace elements were likely related to the release of groundwater of different residence times from pore spaces or fractures. Shi et al. (2020) suggested that the changes in trace elements were the combined result of the addition of small amounts of water from the reservoirs isolated by the hydraulic barrier and the changes in the physical-chemical environment following the earthquake.
In our study, the Wuliying well near Songshan spring had no groundwater level changes in our case, which indicates that there were no large volumes of chemically distinct groundwater entering the spring and mixing with the original water, so the mechanism of co-seismic strain and permeability changes were excluded. The mechanism of extensive water-rock interaction most likely explained the seismic responses in the Songshan spring as follows (Figure 8).
[image: Figure 8]FIGURE 8 | Concept model of earthquake-induced trace elements changes in Songshan spring. Microcracks led to intensive water-rock interaction before the earthquake, and Li, Sc, Ti, and Pb were released into water, and Cu, Nb, Th, Zn, Tl, and U adsorbed on the surface of rocks. After the earthquake, Eu (REE) was released into the water.
5.1.1 Mechanism analysis of REE
The Eu element of rare earth elements had obvious upward changes after the Chaoyang earthquake, and the upward pattern of changes was consistent with previous examples. For instance, following the Loma Prieta earthquake in 1989, major ion chemistries (Na, K, Ca, Mg, Cl, SO4, and HCO3) in stream water showed a marked increase in ionic strength, together with the changes in the excess stream discharge (Rojstaczer and Wolf, 1992). Rojstaczer and Wolf (1992) suggested that the additional stream discharge following the Loma Prieta earthquake was derived from groundwater from the surrounding highlands of the drainage basin.
In our case, Songshan spring displayed remarkable positive Eu anomalies of REE (3A), which coincided with petrological evidence because the bedrock of Songshan spring is granite containing a large amount of feldspar minerals, which commonly became Eu-enriched during crystallization owing to the ready substitution of Eu2+ for Ca2+ (Taylor and McLennan, 1985; Chen et al., 2021). Eu concentrations showed obvious upward changes before the Chaoyang earthquake. The most likely mechanism was intensive water-rock interaction. The probable scenario was that rock ruptures after the earthquake increased the reactive surface area between rocks and groundwater, exposing more feldspar minerals to water, and leading to increased Eu concentrations in the water column (Figure 8).
5.1.2 Mechanism analysis of the first group trace elements
The first group of Li, Sc, Ti, and Pb elements increased before the earthquake then decreased significantly over a period of several months after the earthquake until it approached the pre-earthquake conditions. The type of changes were consistent with the previous few cases. For instance, before the 1995 M 7.2 Kobe earthquake, chloride concentration gradually increased (Tsunogai and Wakita, 1995). The chloride changes were considered to be consistent with a ‘drastic’ increase in strain (Tsunogai and Wakita, 1995). The mechanism of extensive water-rock interaction can also explain the response that the first group elements rise rapidly before the earthquake.
Songshan spring came from granite, which is rich in these elements, for instance, Li is a typical lithophile and often enriched in mica and other silicate minerals and easy to hydrolyze. Sc has a very high partition coefficient in granites, Ti is high content in quartz, and Pb can replace K+ and Ca2+ in rock-forming minerals with isomorphism (Mou, 1999). Hence, the most likely scenario was that local stresses might create granite microcracks before the earthquake, exposing more fresh minerals to water, enhancing water-rock interaction, releasing more elements into the water column, and causing the rise response (Figure 8). Following the earthquake, microcracks may merge to form large-scale ruptures (Lockner and Beeler, 2002), the elements would accelerate into the water column, and the element concentrations would further rise until saturation. Several months after the earthquake, the stress would be redistributed, the fractures would no longer develop or partially fault-reseal (Claesson et al., 2007), and the elemental contents in the water column would decline.
5.1.3 Mechanism analysis of the second group trace elements
The second group of Cu, Nb, Th, Zn, Tl, and U elements concentrations had downward changes during a few months before the Chaoyang earthquake, then maintained stable minimum values until the end of sampling, and the pattern of changes was similar to the previous few examples. Claesson et al. (2004) reported pre-seismic rapid decreasing anomalies in the concentrations of Cr and Fe before the Mw 5.8 earthquake on 16 September 2002. The authors interpreted that the earthquake ruptured a hydrological barrier, permitting a rapid influx of water from other aquifers.
In our case, the second group elements declined before the earthquake with no addition of distinct additional water. Thus, the most likely mechanism was also intensive water-rock interaction. The pattern of falling changes in the second group elements was completely contrary to the pattern of rising changes in the first group elements. Because second group elements have large proton numbers and mass, and the elements with large mass mostly exist in minerals by the mechanism of adsorption (Mou, 1999), enhanced rock ruptures would result in the increase of the mineral surface area, and the increase of these elements adsorbed on the surface of minerals, leading to the decrease of the concentration of these elements in the water column (Figure 8). Due to the different adsorption and desorption capacity of different elements, the decline rate was inconsistent (Figure 6). These elements’ concentrations decreased in groundwater further until the element contents were saturated on the rock surface.
5.1.4 Mechanism analysis of the third group trace elements
The third group of Ga, Mo, Ba, Rb, Cs, and Sr elements had upward and then downward changes (up-convex shape), and these elements were likely to be related to the season but not to the earthquake. These elements are closely located in the periodic table near the Ca element, indicating these elements have very similar chemical properties to Ca. According to petrology, elements of Ba, Rb, Cs, and Sr often replace Ca in the mineral with isomorphism (Mou, 1999). The solubility of Ca in water decreases with the increase in temperature; when the temperature is high in summer, these elements’ concentrations decrease in the water, and when the temperature is low in winter, these elements’ concentrations increase in the water.
Besides the mechanism of intensive water-rock interaction, slight changes in the physical-chemical or oxidation-deoxidation environment would cause changes in trace element concentrations. Thus, the changes in trace elements in the Songshan spring were mainly caused by the result of the water-rock interaction combined with the changes in the physical-chemical environment caused by the earthquake.
5.2 Relationship between trace elements and seismic activities
There were approximately 400 earthquakes occurring in the Beijing area during sampling (from August 2021 to August 2022) (Figure 1); only 22 of them were above M1.0, and the Chaoyang ML3.3 earthquake was the biggest one, which means that seismic activities in Beijing were dominated by frequent small earthquakes. In terms of the spatial distribution of earthquakes, these earthquakes mainly occurred in two groups of NE orderly active fault zones and one NW orderly Nankou-Sunhe Fault Zone which was controlled by the large-scale Zhangjiakou-Bohai Fault Zones in the northwest direction. The Chaoyang ML3.3 earthquake and Songshan hot spring were located in the northwest direction and were consistent with the distribution direction of Zhangjiakou-Bohai Fault Zones, so they had a strong spatial correlation.
From a time series perspective, trace elements of different groups had significant upward or downward changes before or after February. Coincidentally, the biggest Chaoyang earthquake occurred on February 3, so they had a strong temporally relationship. In addition to the Chaoyang earthquake, there were 10 earthquakes above M1.0 densely occurring from December 2021 to March 2022 (Figure 1); the swarm of earthquakes might be temporally related to changes in trace elements, but the spatial distribution of these earthquakes was not clustered and spread along a northwest direction which was also consistent with the distribution direction of Zhangjiakou-Bohai Fault Zones. Hence, a group of small earthquakes above M1.0, which is mainly the biggest Chaoyang earthquake, indicates that the Zhangjiakou-Bohai seismic zones were strongly active in February, which probably caused the abnormal changes in trace elements.
On a regional scale, there were three earthquakes above M1.0 during sampling in the Yanqing district, and the three earthquakes occurred near the Mountain Front Fault of Nankou (Figure 1) which was far away from Songshan spring. At the same time, no earthquakes above M1.0 occurred during sampling in the Northern Marginal Fault Zones of the Yanqing basin which is closest to Songshan spring.
Above all, the Chaoyang earthquake had a small magnitude and longer epicenter distance, and trace elements had the potential to be more sensitive in detecting small changes caused by minor crustal strain. Hence, the monitoring of trace elements had temporal-spatial significance in the Beijing area where small earthquakes occurred frequently.
Notably, different geological and hydrogeological settings may show distinct sensitivities to trace element constitutes, thus sensitive trace elements to seismic activities are determined by the aquifer lithology and physical-chemical conditions for specific sites. In the Songshan spring aquifer system, Li, Sc, Ti, Pb, Cu, Nb, Th, Zn, Tl, U, and REEs were sensitive to earthquake stress and would be good candidates for monitoring earthquake activities. Furthermore, we propose to comparatively investigate the sensitivity of trace element composition in the Beijing area even in the Zhangjiakou-Bohai Fault Zone. Additionally, we do not know the changes in major ions and isotopes in Songshan spring, so more comprehensive geochemical composition should be provided in future research, providing additional useful information to deepen the understanding of the mechanism of geochemistry changes to earthquake stress.
6 CONCLUSION
This study has the following three conclusions.
1. Although the Chaoyang ML3.3 earthquake had a small magnitude and longer epicenter distance, some trace elements in Songshan spring are likely to be sensitive to crustal minor strain by the earthquake. The Eu element of rare earth elements had obvious upward changes after the earthquake. The first group consisting of Li, Sc, Ti, and Pb elements had significantly upward changes, and the second group consisting of Cu, Nb, Th, Zn, Tl, and U elements had downward changes before the earthquake.
2. The changes in trace elements in the Songshan spring were mainly caused by the result of the water-rock interaction.
3. The monitoring of trace elements had temporal-spatial significance in the Beijing area where small earthquakes occurred frequently. Furthermore, we proposed to comparatively investigate the sensitivity of trace element composition in the Zhangjiakou-Bohai Fault Zone.
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In recent decades, phenomenological methods known as Recognition of Earthquake-Prone Areas (REPA) were set up for identifying potential sites of powerful earthquakes. The information on potential earthquake sources provided by the REPA method is an essential part of seismic hazard assessment methodology. For the first time, we have combined global-scale information on the geographic occurrence of geofluids with global-scale information on earthquake occurrence, heat flow distribution, and S-wave dispersion, to gain insights into the evolution of local stress-strain fields. We focused on areas characterized by the occurrence of thermal waters and/or by the release of deep-seated gases, as traced by the isotope composition of associated helium. We noticed that the geographic distribution of these geofluids could serve as an indirect indicator of crustal permeability anomalies generated by crustal deformation procedures. This study proposes adding geofluids to the list of fundamental geological parameters to be considered in hazard assessment research.
Keywords: seismic hazard, thermal waters, helium isotopes, heat flow distribution, S-wave dispersion
1 INTRODUCTION
The development of a culture of preventative measures including seismic hazard assessment, micro zonation studies, and proper building rules, can reduce the severity of the damage caused by earthquakes. In this framework, the Probabilistic Seismic Hazard Assessment (PSHA) approach has become the most prevalent and standard method for addressing seismic hazard assessment (e.g., Giardini et al., 2003). The PSHA is based on the use of probability distributions for magnitudes and source site distances recorded in earthquake catalogs, as originally proposed by Cornell (1968). The most relevant weakness of the PSHA is the dependence of the probability theory on the Gutenberg-Richter magnitude and on the completeness of available earthquake catalogs (e.g., Krinitzsky, 1995). Petersen et al. (2014) proposed to improve the PSHA by incorporating GPS and further geodetic data. Furthermore, various countries with consistent gaps in their earthquake catalogs have adopted Deterministic Seismic Hazard Assessment (DSHA) techniques (e.g., Kramer, 1996). An accurate definition of earthquake sources plays a prominent role in developing a seismic hazard assessment strategy, regardless of the applied methodology, either probabilistic or deterministic. To this purpose, a phenomenological approach for identifying possible locations of strong earthquakes was established, known as the Recognition of Earthquake-Prone Areas (REPA) method (Gelfand et al., 1976 and references therein). The information on potential earthquake sources delivered by the REPA is an important component of the seismic hazard assessment, as envisioned by the more recent neo-deterministic seismic hazard assessment (NDSHA) methodology (Panza et al., 2012; and references therein). It combines a morpho-structural zoning method, which defines the locations of nodes over the study region, and a pattern recognition technique, which divides all the nodes into seismogenic and non-seismogenic ones to a specific cutoff of magnitude (Zhang et al., 2021; and references therein). The approach assumes that strong earthquakes are correlated with the nodes formed around intersections of lineaments. The nodes are delineated by the morpho-structural zoning method (MSZ), which is based on geomorphologic and geological data and does not rely on a knowledge of past seismicity (Gorshkov et al., 2003; Gorshkov and Soloviev, 2021). The seismogenic nodes defined by pattern recognition provide first-order systematic information that may significantly contribute to a reliable seismic hazard assessment. The information on the possible locations of strong earthquakes provided by the methodology can be directly incorporated into the neo-deterministic procedure (NDSHA) for seismic hazard assessment, filling in possible gaps in known seismicity (Panza et al., 2012). One of the main advantages of the MSZ is that it does not require prior knowledge of the regional seismicity of the studied region since it is based on the analysis of the available topographic, tectonic, and geological data, whereas paleoseismological studies require information about past seismic activity. Newer applications named Neo-Deterministic Seismic Hazard Assessment (NDSHA) proposed by Zhang et al. (2021) also take into account morpho-structural zoning, which in turn takes into account nodes (fractured areas), lineaments, and topographical features, such as the highest and lowest elevations of the studied area. The steepness of topographic surfaces and the sharpness of morphostructural parameter fluctuations, among other parameters, may indicate high tectonic activity. This paper underlines that the location of deep-seated geofluids’ natural emissions is globally tied to different classes of tectonic activity because these features bring information on processes that largely occur in the lower crust. This in turn allows for identifying the surface projection of normally hidden discontinuities that influence geometry and patterns of seismic release. Thus, the geographic distribution of geofluids could be utilized as an indirect indicator of different classes of crustal permeability anomalies eventually generated by crustal deformation processes (e.g., Tamburello et al., 2018; Tamburello et al., 2022 and references therein). Moving on these grounds, this work aims to identify possible interrelations between areas of active seismicity, the location of thermal springs, and mantle-derived fluid emissions, as revealed by their [image: image] signature, and additional geophysical parameters, such as heat flow, and S-wave distribution, in order to identify general criteria to relate seismic events and deep-seated geofluids.
2 MATERIAL AND METHODS
We exploited the concept widely consolidated in the literature that fluid dynamics and rock deformation processes are strongly linked, to search for possible global correlations between seismicity, and a number of geophysical and geochemical parameters measurable at/from the surface. The justification for this approach stems from the fact that several authors have already highlighted a correlation between the occurrence of significant earthquakes and anomalous fluids (Irwin and Barnes, 1980; Gold and Soter, 1984; Manga et al., 2012; Chiodini et al., 2020). It is well-established that earthquakes have the potential to favor the onset of new, underground fluid flow regimes when they are capable of causing significant shaking and permanent strains in large rock volumes. Significant volumes of fluids can be permanently displaced when rocks, even with reduced initial permeability, are pervasively fractured by the upward propagation of seismogenic faults. Suitable conditions for the expulsion of thermal waters can be achieved along seismogenic faults (Curewitz and Karson, 1997; Vannoli et al., 2021; Wu et al., 2023). Geofluids can be displaced over large distances and for long times, possibly until the surface, through zones of enhanced permeability in the Earth’s crust, under the effect of pressure gradients (Gleeson and Ingebritsen, 2017). Heat generation, crustal deformation, gravity effects due to the topographic relief, diagenetic processes, and overpressuring due to circulating fluids are effective mechanisms generating fundamental pressure forces at mid-crustal depth, up to the Earth’s surface (Bredehoeft and Norton, 1990). On these grounds, we tried to match the information contained in a number of global, georeferenced compilations now available in the literature, to highlight possible relationships between different parameters and seismicity. In particular, we considered the following datasets: i) carbon dioxide emissions (Irwin and Barnes, 1980; Tamburello et al., 2018); ii) heat flow (Lucazeau, 2019); iii) S-wave dispersion (Debayle et al., 2016; Hasterok et al., 2022) and we updated datasets of thermal springs (Waring, 1965; Tamburello et al., 2022) and isotope composition of helium (Abedini et al., 2006). By taking advantage of recently computerized catalogs of seismicity (Storchak et al., 2013), we followed the same approach already utilized in the literature about the investigation of the spatial relationships between the distribution of earthquakes (Figure 1), and the location of anomalous fluid emissions (e.g., Kuz’mina and Novopashina, 2018; Tamburello et at., 2018), to identify areas potentially capable of hosting future strong earthquakes (M>6). A specific advancement of this work was the critical re-evaluation of the helium database by Abedini et al. (2006), and its extension via the addition of present-day geofluids data published until 2022. The largest volcanic calderas on Earth commonly extend over areas of 10–500 km2 (Mason et al., 2004). These areas are characterized by gaseous emissions of predominant volcanic origin that are not of interest to the present treatment. Therefore, in order to filter out purely volcanic gases from our database, we decided to consider only gas emissions located beyond a prudential radius of 30 km from the main volcanic edifices worldwide.
[image: Figure 1]FIGURE 1 | Heat flow map (Lucazeau, 2019) with location of (1) thermal springs (yellow dots; after Waring, 1965; Wexsteen, et al., 1988; Ciezkowski et al., 1992; Pesce, 2005; Wang, 2008; Lahsen et al., 2010; Yousefi et al., 2010; Chandrasekharam et al., 2015), (2) Holocenic and Pleistocenic volcanoes (green triangles; Global Volcanism Program, 2013), (3) 4<M<9.2 earthquakes (black dots; Storchak et al., 2013; http://www.isc.ac.uk/iscgem/accessed on 20 July 2023).
2.1 World thermal springs dataset
In 1965, Waring compiled one of the most comprehensive available data sets about the distribution of thermal springs worldwide (Waring, 1965). More than 6,000 sites, with one or more springs for each site, were identified in more than 100 countries. Tamburello et al. (2022) digitized and enlarged this data set with Supplementary Data S1 from recent literature, including additional information on geographical coordinates, temperatures, and flow rates. These data have been statistically processed and visualized with machine-learning algorithms, in a GIS environment (Graser, 2013). In order to integrate the dataset with further thermal springs in areas where possible lack of recent data was qualitatively observed such as Argentina (Pesce, 2005), Chile (Lahsen et al., 2010), China (Wang, 2008), Iran (Yousefi et al., 2010) Poland (Ciezkowski et al., 1992), Switzerland (Wexsteen, et al., 1988) and Yemen (Chandrasekharam et al., 2015), their geographic location having been georeferenced using the QGIS software (http://www.qgis.org).
2.2 World helium dataset
Helium (hereafter He) is the lightest of the noble gases, and because of its low atomic mass, is affected by strong fugacity values. He exists on Earth as two isotopes, [image: image] and [image: image], with the former being primarily primordial and stored in the mantle and the latter being continuously produced in the Earth’s interior by Uranium and Thorium decay (Ozima and Podosek, 2004). The radiogenic [image: image] produced in the crust dominates the He flux in stable continental regions (mantle He 1%). The primordial [image: image], on the other hand, escapes into the atmosphere primarily from volcanoes and active tectonic regions (from extensive to compressive), making the He isotopic ratio ([image: image]) a powerful tool for recognizing mantle-crust tectonics also in the absence of volcanic evidence (e.g., O’nions and Oxburgh, 1983; Lupton, 1983). We consider the database compiled by Abedini et al. (2006) as a background document. In its original version (Version 1.0), this database was an MS Excel file with more than 5,000 entries on noble gas concentrations and isotopic ratios published until 2003. Data refer to geofluids and rocks from different geological and geotectonic environments. In this work, we only focus on present-day fluids discharged from springs, wells, mofetes, and fumaroles, and we complemented the dataset with additional [image: image] analyses on geofluids published until 2022. Criteria for the selection of new data include the availability of full geographical coordinates, and/or sufficiently accurate location maps in the original manuscripts, to extract approximate information at least on the coordinates of the sampling points.
3 DISCUSSION
3.1 Thermal springs, geodynamic and seismicity
Most of the areas hosting thermal springs overlap earthquake distribution and/or are located frequently within a radius of 30 Km from the main volcanic edifices. Further thermal springs are located outside volcanic areas in faulted zones (Figure 1).
About 60% of hydrothermal fluids recorded in the world are in the range 30°C–70°C, corresponding to the reservoir’s depths in the range of 2–3 km, depending on local/regional geothermal gradients, and on the specific geometry and recharge mechanisms of the underground circulation paths. Below this range of depths, the weight of the overlying rocks significantly decreases porosity and permeability, hindering the onset of well-extended, and spatially continuous hydrothermal circuits (Twiss and Moores, 1997). A broad literature also confirmed that vertical permeability may significantly change under the effect of tectonic activity (e.g., among many others, Wang et al., 2016; Brogi et al., 2021): faulting induced by seismic events has been effective in generating thermal springs emissions belonging to hydrothermal systems due to rock fracturing and the availability of feeding groundwaters. Wang and Manga (2015) and Sato et al. (2020) reported detailed descriptions of the opening or re-opening phases of ephemeral or permanent warm water springs related to significant local seismic events. According to Tamburello et al. (2022) thermal springs belonging to hydrothermal circuits are chiefly located in extensional faulted areas characterized by the occurrence of earthquakes above magnitude 4. Faults are characterized, among other parameters, by a length and by a width usually obtained by aftershock distribution (Wells and Coppersmith, 1994). In turn, length and width are roughly proportional to the magnitude of mainshocks capable of inducing faulting effects (Leonard, 2010). Seismic events below magnitude 4 are generally considered not to have sufficient energy to generate highly faulted areas, and/or faults of sufficient length and width to sustain hydrothermal circulation (Wells and Coppersmith, 1994). On the reverse, earthquakes in the magnitude range of 4–6 are believed to generate fault lengths in the range of 1–30 km (Wells and Coppersmith, 1994). Most earthquakes occur in the crust, in the depth range of 10–40 km (e.g., Maggi et al., 2000), which implies that earthquakes below magnitude 6 do not have the energy to generate faults capable of deepening from the surface down to the bottom of the Earth’s crust. Conversely, moderate and strong seismic events (M>6.5) can maintain relatively high values ​​of crustal permeability during geological time allowing for the emission of mantle-derived geofluids (Figure 1). Faulting induced by seismic events of the considered catalog has been effective in generating thermal springs emissions belonging to hydrothermal systems due to rock fracturing and the availability of feeding groundwaters. In order to better understand the effects of tectonic and possible geothermal anomalies on thermal spring distribution the heat flow map compiled by Lucazeau (2019) has been considered (Figure 1). Thermal springs appear mostly related to seismic activity that occurred in areas characterized by relatively recent (0.2 Ma) orogenetic phases (Hasterok et al., 2022) while a further group of thermal springs is located in areas not affected by volcanic activity or by significant seismic activity. In these areas, possible effects of palaeotectonic activity belonging to orogenetic phases of the first Quaternary period (1–2 Ma) (Hasterok et al., 2022) probably survived during geological time. This is the case in Brazil.
3.2 Helium, geodynamic, and seismicity
Noble gases and He isotope ratios in particular, can be used as effective tools (e.g., Mamyrin and Tolstikhin, 1984; Porcelli et al., 2002; Ozima and Podosek, 2004; Burnard, 2013; Sano et al., 2014; Sano et al., 2015; Liu et al., 2023) to study the origin of deep (crustal or mantle) degassing in active tectonic regions, and are deemed capable of providing information on the presence of faults of considerable extension and depth produced by recent and past M>6 earthquakes. Figure 2 shows the R/Ra values for all the helium isotope data available in Abedini et al. (2006) and updated in this work, with respect to the earthquake distribution deduced from the databases described by Storchak et al. (2013); http://www.isc.ac.uk/iscgem/ accessed on 20 July 2023) and with respect to volcanic edifice distribution (Hasterok et al., 2022 and references therein).
[image: Figure 2]FIGURE 2 | Heat flow map (Lucazeau, 2019) with location of (1) geofluids analyzed for helium isotope composition (blue dots; Abedini et al., 2006; revised and updated), (2) Holocenic and Pleistocenic volcanoes (green triangles; Global Volcanism Program, 2013), (3) 4<M<9.2 earthquakes (black dots; Storchak et al., 2013; http://www.isc.ac.uk/iscgem/ accessed on 20 July 2023).
We consider the highest [image: image] value as representative of the region of provenance when multiple analyses are available. Where available, the [image: image] values normalized to air and corrected for air contamination ([image: image]) are preferred to air-normalized values ([image: image]), to exclude helium isotope data possibly affected by the entrainment of air-derived helium (e.g., Craig et al., 1978; [image: image]). Typical crustal values are about 0.02 [image: image], due to relatively high [image: image] continental abundances generated via [image: image] decay (e.g., Mamyrin and Tolstikhin, 1984; Andrews, 1985). Mantle values are 6–8 [image: image] for the old subcontinental lithospheric mantle (SCLM) and mid-ocean ridge basalts (MORB), respectively (e.g., Kurz et al., 1982; Dunai and Baur, 1995; Gautheron and Moreira, 2002). Taking these end-members as reference, we tentatively consider a threshold of [image: image] to clearly identify geofluids with a high mantle component. The [image: image] value corresponds to a mantle contribution of 15% (MORB) to 20% (SLCM), depending on the geotectonic environment. An even higher contribution of about 22.3% can be estimated in subduction zones, where the mantle component is characterized by an average value of 5.4 ± 1.9 [image: image] (e.g., Hilton et al., 2002). Interestingly, a different threshold than the relatively conservative value of [image: image] selected here could be used to trace unequivocally mantle contribution in surficial fluids. For example, a threshold value of 1 [image: image] would indicate the presence of a magmatic or mantle helium contribution of up to 12.3%, based on a MORB-type signature of the local mantle component, in the case where atmospheric contamination and/or contribution may be waived based on checking of [image: image] values (e.g., Craig et al., 1978). In the absence of information on [image: image], in our analysis we adopted the conservative approach of considering only [image: image] significantly higher than the atmospheric ratio ([image: image]).
Most frequent values (about 43% of the considered database) are below the threshold of 1.22 Ra. The highest values are found close to volcanic areas, in rifted geological environments, and in anomalously high heat flow areas, with maxima recorded in Iceland (e.g., Hilton et al., 1990; Poreda et al., 1992), where a mantle plume reaches the earth’s surface.
One of the primary objectives of seismology is to accurately delineate and analyze the diverse physical characteristics of the Earth, including but not limited to temperature, composition, volatile content, and the existence of partial melt. Over the past 2 decades, there has been a significant enhancement in the resolution of global S wave upper mantle tomographic models. The primary factor contributing to this phenomenon is the expansion of accessible data and the advancement of automated methodologies capable of analyzing a substantial volume of surface wave seismograms. In particular, Lebedev and van der Hilst (2008) observed that low-Sv-velocity anomalies beneath mid-ocean ridges extend down to ∼100 km depth. Pronounced seismic lithosphere beneath cratons extends down to ∼200 km. Low-velocity zones are weak or absent beneath most cratons. Debayle et al. (2016 and references therein) discovered a notable azimuthal anisotropy inside the first 200 km of the Earth’s mantle. Importantly, their findings indicate that this anisotropy does not exhibit a greater extent beneath continents compared to oceans. In their study, Adenis et al. (2017) presented also a comprehensive model of shear wave attenuation in the upper mantle on a global scale. The findings of their research demonstrate a notable association between surface tectonics and shear wave attenuation, specifically up to a depth of 200 km. The model reveals that regions underlying continents exhibit lower levels of attenuation, whilst regions underlying oceans display higher levels of attenuation. Anomalies that exhibit attenuation are observed beneath mid-ocean ridges at depths reaching 150 km, as well as beneath the majority of Pacific hot spots spanning from the lithosphere to the transition zone. The existence of extensive attenuating anomalies observed at a depth of 150 km in the Pacific Ocean indicates the presence of many thermal plumes situated within the asthenosphere. Montagner et al. (2007) provided pieces of evidence to support the existence of a direct correlation between the inferred mantle depth origin based on seismic tomography and the [image: image] ratios observed in erupted magmas on a continental scale. The utilization of surface wave dispersion measurements and seismic tomography has provided insights into the relationship between tectonic settings and lithospheric seismic velocities. It has been observed that old cratons exhibit the highest seismic velocities, whereas tectonically active places tend to have relatively lower velocities. These findings could be better constrained by [image: image] data and by heat flux data.
Considering the dispersion of S-waves (Debayle et al., 2016; Hasterok et al., 2022; see Figure 4), it was observed that most of anomalous [image: image] areas are located above rock volumes affected by significantly low Vs. values.
Low Vs. values at depths in the order of 70 km are routinely interpreted as areas where partial melting processes are active (the phenomenon that occurs when a rock is subjected to temperatures high enough to cause certain minerals to melt, but not all of them). Therefore, under such conditions, the presence of fluids cannot be excluded, actually, it is very likely. S-wave dispersion may indicate, among others, the occurrence of deep-seated geofluids (Shito et al., 2006; Anderson, 2007; Unsworth and Rondenay, 2013). The obtained map of Helium 3 values has been compared with earthquake distribution deduced by databases described by Storchak et al. (2013); http://www.isc.ac.uk/iscgem/ accessed on 20 July 2023). High [image: image] values recorded in high heat flow areas affected by deep geofluid feeding may be considered within tectonically active areas considered by the scientific literature currently available (e.g., Torgersen, 1993; Ballentine and Burnard, 2002; Polyak et al., 2020).
4 SELECTED CANDIDATE AREAS PRONE TO SIGNIFICANT NEXT EARTHQUAKES
Figure 3 shows the correlation between heat flow and S-wave negative velocity perturbations for those areas where non-volcanic geofluids issue at the surface. In particular, this diagram only includes geofluids with an approximate minimum mantle contribution of 15%, as indicated by their [image: image] > 1.22 Ra. The top-left corner of Figure 4 shows regions characterized by relatively high heat flow values (Lucazeau, 2019) that are significantly affected by negative velocity perturbations (Debayle et al., 2016; Hasterok et al., 2022). This feature is typically associated with regions of major degassing, possibly linked to hidden magmatic bodies, or mantle plumes capable of conveying mantle fluids up to the surface, as occurs in Iceland (e.g., Samuel and Farnetani, 2003; Jackson et al., 2017). The low-right portion of the graph contains representative points from areas characterized by heat flow values below the average continental value (Lucazeau, 2019), which are scarcely affected, or unaffected, by significant S-wave negative velocity perturbations (Debayle et al., 2016; Hasterok et al., 2022 – see also Supplementary Figure S1). The latter areas, albeit apparently not always affected by frequent recent earthquakes recorded in seismic catalogs, have probably been affected by tectonic activities in the past capable of inducing faulting processes which reach the mantle or the lower crust like seismic events characterized by M ≥ 6.5.
[image: Figure 3]FIGURE 3 | Heat flow vs. δVs (%) correlation plot for non-volcanic geofluids with [image: image] > 1.22 Ra (after Abedini et al., 2006, modified and updated). Within this framework, we consider as “non-volcanic” those geofluids that emerge at the Earth surface at a minimum distance of 30 km from main volcanic edifices (see text). Green dots: geofluids collected in high heat flow areas (Lucazeau, 2019), characterized by negative δVs (%) perturbations (Debayle et al., 2016; Hasterok et al., 2022). Purple diamonds: geofluids collected in low heat flow areas (i.e., heat flow below the average value of continental areas; Lucazeau, 2019), scarcely or unaffected by negative δVs (%) perturbations (Debayle et al., 2016; Hasterok et al., 2022).
[image: Figure 4]FIGURE 4 | S-wave Dispersion map (Debayle et al., 2016; Hasterok et al., 2022) with location of non-volcanic fluid emissions (i.e., minimum distance of 30 km from main volcanic edifices, see text) characterized by R >1.22 Ra. Green dots: high heat flow areas (Lucazeau, 2019), significantly affected by negative δVs (%) values (Debayle et al., 2016; Hasterok et al., 2022). Purple diamonds: low heat flow areas (Lucazeau, 2019) scarcely affected, or unaffected, by significant δVs (%) values (Debayle et al., 2016; Hasterok et al., 2022). Black dots - 4<M<9.2 earthquakes (Storchak et al., 2013; http://www.isc.ac.uk/iscgem/ accessed on 20 July 2023).
In areas identified by purple diamonds (Figure 4) and characterized by seismicity values that often do not coincide with the maximum magnitude values recorded in the world, relatively low heat flow, lack of close volcanic edifices, non-significant S-wave negative velocity perturbations values, possible deep-rooted faults, did not close during the geological time and were poorly affected by self-sealing phenomena, thus revealing possible still active tectonic strains capable of increasing crustal permeability, as observed by other authors in selected areas where noble gas prospections were carried out for different research purposes (e.g., Italiano et al., 2000; Italiano et al., 2001; Caracausi and Sulli, 2019; Caracausi et al., 2022; Liu et al., 2023).
These findings allow us to not exclude, in principle, the possible occurrence of any future strong seismic events in the identified faulted areas due to the eventual long recurrence time of seismic events. Further unexpected areas could be in similar conditions, because the current, preliminary version of the graph, is capable of identifying only the most relevant end-members.
Further to this, because the here considered databases could be inherently incomplete, we cannot exclude that other regions around the world in addition to those identified in this manuscript are in similar conditions Supplementary Figure S2. An obvious outcome of this work is the recommendation to test the method again as soon as new and more extensive data are available.
5 CONCLUSION
Areas affected by significant tectonic activity have been identified by the mapping of thermal springs. In principle, all the areas where significant tectonic activity is superimposed upon areas that host thermal springs should continue over time to host seismic events until large-scale geodynamic events modify present-day global tectonic activity. Anomalous geofluid locations emitting mantle-derived significant components have been found also outside of known seismically active areas, particularly in areas affected by anomalous heat flow and by the possibly anomalous dispersion of S wave values. After excluding the existence of magma-related local geological disturbances, the identified mantle-derived geofluid emissions could be affected, in principle, by moderate and strong seismic events (M>6) which maintained relatively high crustal permeability values during geological time, in spite of the lack of a relatively high frequency of earthquakes in catalogs which consider only the last 6 decades, the lack of volcanic vents, the lack of anomalous heat flow and the lack of enhanced values of negative S wave perturbation. The existence of geofluid emissions in the form of thermal springs shows that there is a first quantum value in crustal permeability, and is determined by the occurrence of seismic events characterized by magnitude values of 4 ± 0.5 and 6 ± 0.5. There is also a second quantum value in the crustal permeability evidenced by a significant presence of Helium 3 in geofluids and is determined by the occurrence of seismic events characterized between 6 ± 0.5 and 9.2. The identified sites should be considered in pattern recognition studies that accompany NDSHA. In the recent past, flaws in seismic hazard evaluations have been reported by various Authors (Kossobokov and Nekrasova, 2012; Wyss et al., 2012, etc.). The incompleteness of seismic catalogs could be considered, among others, responsible for possible seismic hazard underevaluation in various sites on Earth. The identified procedures, in principle, could help to better identify areas in which deep faults capable of reaching the upper mantle layers permanently remain affected by increased values of crustal permeability, probably due to unrevealed or undetected slight crustal strain phenomena. We have set up a procedure to preliminarily identify potential earthquake-prone areas in unexpected sites of the world. The adopted procedures may be further improved by considering less conservative filters or by means of further sampling and analysis of local geofluids. Detailed site-by-site studies will better clarify the identified features of unexpected potentially tectonically active areas. Geofluids have been confirmed to be powerful tools capable of contributing to a better description of future seismic hazard evolutive trends. Recent Seismic Hazard Assessment methods take into account morpho-structural zoning, which in turn takes into account nodes (fractured areas), lineaments, and topographical features such as the highest and lowest elevations of the studied area. The present work added geofluids to the previously known list of geological parameters useful for Seismic Hazard Assessment.
DATA AVAILABILITY STATEMENT
The databases used in this work for thermal waters, seismic events and selected superficial manifestations with He isotope signature R >1.22 Ra are available upon request from the corresponding author.
AUTHOR CONTRIBUTIONS
GM: Conceptualization, Methodology, Supervision, Writing–original draft. LP: Conceptualization, Data curation, Methodology, Visualization, Writing–review and editing. GF: Data curation, Software, Supervision, Validation, Writing–review and editing. FG: Conceptualization, Data curation, Investigation, Methodology, Supervision, Validation, Writing–review and editing.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.
ACKNOWLEDGMENTS
The authors warmly acknowledge the two reviewers for their constructive criticisms, and P. Capuano for his editorial supervision. GM carried out present research activity within the frame of project proposal IGCP-724, Fluid Geochemistry and Earthquake Forecasting. Part of present paper has been presented during AOGS 2023.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/feart.2023.1286817/full#supplementary-material
REFERENCES
 Abedini, A. A., Hurwitz, S., and Evans, W. C. (2006). USGS-NoGaDat-A global dataset of noble gas concentrations and their isotopic ratios in volcanic systems (No. 202). Reston, Virginia: US Geological Survey. 
 Adenis, A., Debayle, E., and Ricard, Y. (2017). Attenuation tomography of the upper mantle. Geophys. Res. Lett. 44 (15), 7715–7724. doi:10.1002/2017gl073751
 Anderson, D. L. (2007). New theory of the earth. Cambridge: Cambridge University Press, 384. 
 Andrews, J. N. (1985). The isotopic composition of radiogenic helium and its use to study groundwater movement in confined aquifers. Chem. Geol. 49 (1-3), 339–351. doi:10.1016/0009-2541(85)90166-4
 Ballentine, C. J., and Burnard, P. G. (2002). Production, release and transport of noble gases in the continental crust. Rev. Mineralogy Geochem. 47 (1), 481–538. doi:10.2138/rmg.2002.47.12
 Bredehoeft, J. D., and Norton, D. L. (1990). “Mass and energy transport in a deforming Earth’s crust,” in The role of fluids in crustal processes (Washington, D.C: National Academies Press), 27–41. 
 Brogi, A., Alçiçek, M. C., Liotta, D., Capezzuoli, E., Zucchi, M., and Matera, P. F. (2021). Step-over fault zones controlling geothermal fluid-flow and travertine formation (Denizli Basin, Turkey). Geothermics 89, 101941. doi:10.1016/j.geothermics.2020.101941
 P. Burnard (Editor) (2013). The noble gases as geochemical tracers (Berlin Heidelberg: Springer). doi:10.1007/978-3-642-28836-4
 Caracausi, A., Buttitta, D., Picozzi, M., Paternoster, M., and Stabile, T. A. (2022). Earthquakes control the impulsive nature of crustal helium degassing to the atmosphere. Commun. Earth Environ. 3, 224. doi:10.1038/s43247-022-00549-9
 Caracausi, A., and Sulli, A. (2019). Outgassing of mantle volatiles in compressional tectonic regime away from volcanism: the role of continental delamination. Geochem. Geophys. Geosyst. 20, 2007–2020. doi:10.1029/2018gc008046
 Chandrasekharam, D., Lashin, A., Al Arifi, N., Al Bassam, A. A., and Varun, C. (2015). Evolution of geothermal systems around the Red Sea. Environ. Earth Sci. 73, 4215–4236. doi:10.1007/s12665-014-3710-y
 Chiodini, G., Cardellini, C., Di Luccio, F., Selva, J., Frondini, F., Caliro, S., et al. (2020). Correlation between tectonic CO2 Earth degassing and seismicity is revealed by a 10-year record in the Apennines, Italy. Sci. Adv. 6 (35), eabc2938. doi:10.1126/sciadv.abc2938
 Ciezkowski, W., Gröning, M., Leśniak, P. M., Weise, S. M., and Zuber, A. (1992). Origin and age of thermal waters in Cieplice Spa, Sudeten, Poland, inferred from isotope, chemical and noble gas data. J. Hydrology 140 (1-4), 89–117. doi:10.1016/0022-1694(92)90236-o
 Cornell, C. A. (1968). Engineering seismic risk analysis. Bull. Seismol. Soc. Am. 58, 1583–1606. doi:10.1785/bssa0580051583
 Craig, H., Lupton, J. E., and Horibe, Y. (1978). “A mantle helium component in circum-Pacific volcanic gases: hakone, the Marianas, and Mt. Lassen,” in Terrestrial rare gases ed . 16 ed . Editors E. C. Alexander, and M. Ozima (Tokyo: Center for Academic Press), 3.
 Curewitz, D., and Karson, J. A. (1997). Structural settings of hydrothermal outflow: fracture permeability maintained by fault propagation and interaction. J. Volcanol. Geotherm. Res. 79, 149–168. doi:10.1016/S0377-0273(97)00027-9
 D. Porcelli, R. Ballentine, and R. Wieler (Editors) (2002). Noble gases in Geochemistry and cosmochemistry, vol. 47 (Washington DC: Mineralogical Society of America). 
 Debayle, E., Dubuffet, F., and Durand, S. (2016). An automatically updated S-wave model of the upper mantle and the depth extent of azimuthal anisotropy. Geophys. Res. Lett. 43, 674–682. doi:10.1002/2015gl067329
 Dunai, T. J., and Baur, H. (1995). Helium, neon and argon systematics of the european subcontinental mantle:implications for its geochemical evolution. Geochimica Cosmochimica Acta 59, 2767–2783. doi:10.1016/0016-7037(95)00172-v
 Gautheron, C., and Moreira, M. (2002). Helium signature of the subcontinental lithospheric mantle. Earth Planet. Sci. Lett. 199, 39–47. doi:10.1016/s0012-821x(02)00563-0
 Gelfand, I. M., Guberman, S. A., Keilis-Borok, V. I., Knopoff, L., Press, F., Ranzman, I. Y., et al. (1976). Pattern recognition applied to earthquake epicenters in California. Phys.Earth Planet. Inter. 11, 227–283. doi:10.1016/0031-9201(76)90067-4
 Giardini, D., Grünthal, G., Shedlock, K. M., and Zhang, P. (2003). “The GSHAP global seismic hazard map. In international,” in Handbook of earthquake and engineering seismology ed . Editors W. Lee, H. Kanamori, P. Jennings, and C. Kisslinger (Amsterdam, Netherlands: Academic Press), 1233–1239.
 Gleeson, T., and Ingebritsen, S. (2017). Crustal permeability. Chichester: Wiley-Blackwell. ISBN 9781119166566 p 451. 
 Gold, T., and Soter, S. (1984). Fluid ascent through the solid lithosphere and its relation to earthquakes. Pure Appl. Geophys. 122, 492–530. doi:10.1007/bf00874614
 Gorshkov, A., and Soloviev, A. (2021). “Morphostructural zoning for identifying earthquake-prone areas,” in Earthquakes and sustainable infrastructure: neodeterministic (NDSHA) approach guarantees prevention rather than cure ed . Editors G. F. Panza, V. G. Kossobokov, E. Laor, and B. De Vivo ( Elsevier), 135–149. 
 Gorshkov, A. I., Kossoboko, V., and Soloviev, A. A. (2003). “Recognition of earthquake prone areas,” in Nonlinear dynamics of the lithosphere and earthquake prediction ed . Editors V. Keilis-Bork,, and A. A. Soloviev (Heidelberg: Springer), 235–320.
 Graser, A. (2013). Learning QGIS 2.0. Birmingham: Packt Publishing. 
 Hasterok, D., Halpin, J. A., Collins, A. S., Hand, M., Kreemer, C., Gard, M. G., et al. (2022). New maps of global geological provinces and tectonic plates. Earth-Science Rev. 231, 104069. doi:10.1016/j.earscirev.2022.104069
 Hilton, D. R., Fischer, T. P., and Marty, B. (2002). Noble gases and volatile recycling at subduction zones. Rev. Mineralogy Geochem. 47, 319–370. doi:10.2138/rmg.2002.47.9
 Hilton, D. R., Grönvold, K., O'Nions, R. K., and Oxburgh, E. R. (1990). Regional distribution of 3He anomalies in the Icelandic crust. Chem. Geol. 88 (1-2), 53–67. doi:10.1016/0009-2541(90)90103-e
 Irwin, W. P., and Barnes, I. (1980). Tectonic relations of carbon dioxide discharges and earthquakes. J. Geophys. Res. Solid Earth 85 (B6), 3115–3121. doi:10.1029/jb085ib06p03115
 Italiano, F., Martelli, M., Martinelli, G., and Nuccio, P. M. (2000). Geochemical evidence of melt intrusions along lithospheric faults of the southern Apennines (Italy): geodynamic and seismogenic implications. J. Geophys. Res. 106, 13569–13578. doi:10.1029/2000jb900047
 Italiano, F., Martinelli, G., and Nuccio, P. M. (2001). Anomalies of mantle-derived helium during the 1997–1998 seismic swarm of Umbria–Marche, Italy. Geophys. Res. Lett. 28, 839–842. doi:10.1029/2000gl012059
 Jackson, M. G., Konter, J. G., and Becker, T. W. (2017). Primordial helium entrained by the hottest mantle plumes. Nature 542 (7641), 340–343. doi:10.1038/nature21023
 Kossobokov, V. G., and Nekrasova, A. K. (2012). Global seismic hazard assessment Program maps are erroneous. Seism. Instrum. 48 (2), 162–170. doi:10.3103/s0747923912020065
 Kramer, S. L. (1996). Geotechnical earthquake engineering. Pearson Education India. ISBN-10: 8131707180. 
 Krinitzsky, E. L. (1995). Deterministic versus probabilistic seismic hazard analysis for critical structures. Eng. Geol. 40, 1–7. doi:10.1016/0013-7952(95)00031-3
 Kurz, M. D., Jenkins, W. J., and Hart, S. R. (1982). Helium isotopic systematics of oceanic islands and mantle heterogeneity. Nature 297, 43–47. doi:10.1038/297043a0
 Kuz'mina, E. A., and Novopashina, A. V. (2018). Groundwater outflows and fault density spatial relation in the Baikal rift system (Russia). Acque Sotterranee-Italian J. Groundw. 7 (1). doi:10.7343/as-2018-317
 Lahsen, A., Muñoz, N., and Parada, M. A. (2010). “Geothermal development in Chile,” in Proceedings World Geothermal Congress (Vol. 25, p. 7),  (Bali, Indonesia, April 25-30, 2010). 
 Lebedev, S., and Van Der Hilst, R. D. (2008). Global upper-mantle tomography with the automated multimode inversion of surface and S-wave forms. Geophys. J. Int. 173 (2), 505–518. doi:10.1111/j.1365-246x.2008.03721.x
 Leonard, M. (2010). Earthquake fault scaling: self-consistent relating of rupture length, width, average displacement, and moment release. Bull. Seismol. Soc. Am. 100, 1971–1988. doi:10.1785/0120090189
 Liu, W., Zhang, M., Chen, B., Liu, Y., Cao, C., Xu, W., et al. (2023). Hydrothermal He and CO2 degassing from a Y-shaped active fault system in eastern Tibetan Plateau with implications for seismogenic processes. J. Hydrology 620, 129482. doi:10.1016/j.jhydrol.2023.129482
 Lucazeau, F. (2019). Analysis and mapping of an updated terrestrial heat flow data set. Geochem. Geophys. Geosys. 20, 4001–4024. doi:10.1029/2019gc008389
 Lupton, J. E. (1983). TERRESTRIAL INERT GASES: isotope tracer studies and clues to primordial components in the mantle. Ann. Rev. Earth Planet Sci. 11, 371–414. doi:10.1146/annurev.ea.11.050183.002103
 Maggi, A., Jackson, J. A., McKenzie, D., and Priestley, K. (2000). Earthquake focal depths, effective elastic thickness, and the strength of the continental lithosphere. Geology 28, 495–498. doi:10.1130/0091-7613(2000)28<495:efdeet>2.0.co;2
 Manga, M., Beresnev, I., Brodsky, E. E., Elkhoury, J. E., Elsworth, D., Ingebritsen, S. E., et al. (2012). Changes in permeability caused by transient stresses: field observations, experiments, and mechanisms. Rev. Geophys. 50 (2). doi:10.1029/2011rg000382
 Mason, B. G., Pyle, D. M., and Oppenheimer, C. (2004). The size and frequency of the largest explosive eruptions on Earth. Bull. Volcanol. 66 (8), 735–748. doi:10.1007/s00445-004-0355-9
 Montagner, J. P., Marty, B., Stutzmann, E., Sicilia, D., Cara, M., Pik, R., et al. (2007). Mantle upwellings and convective instabilities revealed by seismic tomography and helium isotope geochemistry beneath eastern Africa. Geophys. Res. Lett. 34 (21), L21303. doi:10.1029/2007gl031098
 O'nions, R. K., and Oxburgh, E. R. (1983). Heat and helium in the earth. Nature 306 (5942), 429–431. doi:10.1038/306429a0
 Ozima, M., and Podosek, F. A. (2004). Noble gas Geochemistry. 2nd edition. Cambridge: Cambridge University Press, 286. 
 Panza, G. F., La Mura, C., Peresan, A., Romanelli, F., and Vaccari, F. (2012). Seismic hazard scenarios as preventive tools for a disaster resilient society. Adv. Geophys. 53, 93–165. Elsevier. doi:10.1016/B978-0-12-380938-4.00003-3
 Pesce, A. H. (2005). “Argentina country update,” in Proceedings world geothermal congress 2005 antalya (Turkey: International Geothermal Association). 
 Petersen, M. D., Zeng, Y., Haller, K. M., McCaffrey, R., Hammond, W. C., Bird, P., et al. (2014). Geodesy- and geology-based slip rate models for the Western United States (excluding California) national seismic hazard maps. Open-File Report 2013–1293. Reston, VA: U.S. Geological Survey, 80. doi:10.3133/ofr20131293
 Polyak, B. G., Tolstikhin, I. N., and Khutorskoi, M. D. (2020). Ascending heat and mass flow in continental crust: on the problem of driving forces of tectogenesis. Izvestiya, Phys. Solid Earth 56 (4), 490–510. doi:10.1134/s1069351320030088
 Poreda, R. J., Craig, H., Arnorsson, S., and Welhan, J. A. (1992). Helium isotopes in Icelandic geothermal systems: I. 3He, gas chemistry, and 13C relations. Geochimica Cosmochimica Acta 56 (12), 4221–4228. doi:10.1016/0016-7037(92)90262-h
 Samuel, H., and Farnetani, C. G. (2003). Thermochemical convection and helium concentrations in mantle plumes. Earth Planet. Sci. Lett. 207 (1-4), 39–56. doi:10.1016/s0012-821x(02)01125-1
 Sano, Y., Hara, T., Takahata, N., Kawagucci, S., Honda, M., Nishio, Y., et al. (2014). Helium anomalies suggest a fluid pathway from mantle to trench during the 2011 Tohoku-Oki earthquake. Nat. Commun. 5, 3084. doi:10.1038/ncomms4084
 Sano, Y., Kagoshima, T., Takahata, N., Nishio, Y., Roulleau, E., Pinti, D. L., et al. (2015). Ten-year helium anomaly prior to the 2014 Mt Ontake eruption. Sci. Rep. 5, 13069. doi:10.1038/srep13069
 Sato, T., Kazahaya, K., Matsumoto, N., and Takahashi, M. (2020). Deep groundwater discharge after the 2011 Mw 6.6 Iwaki earthquake, Japan. Earth Planets Space 72, 54. doi:10.1186/s40623-020-01181-7
 Shito, A., Karato, S.-I., Matsukage, K. N., Nishihara, Y., Jacobse, S., and Van Der Lee, S. (2006). Towards mapping the three-dimensional distribution of water in the upper mantle from velocity and attenuation tomography. Washington D.C.: Geophysical Monograph-American Geophysical Union, 225–236. 
 Storchak, D. A., Di Giacomo, D., Bondár, I., Engdahl, E. R., Harris, J., Lee, W. H., et al. (2013). Public release of the ISC–GEM global instrumental earthquake catalogue (1900–2009). Seismol. Res. Lett. 845, 810–815. doi:10.1785/0220130034
 Tamburello, G., Chiodini, G., Ciotoli, G., Procesi, M., Rouwet, D., Sandri, L., et al. (2022). Global thermal spring distribution and relationship to endogenous and exogenous factors. Nat. Commun. 13 (1), 6378. doi:10.1038/s41467-022-34115-w
 Tamburello, G., Pondrelli, S., Chiodini, G., and Rouwet, D. (2018). Global-scale control of extensional tectonics on CO2 earth degassing. Nat. Commun. 9 (1), 4608. doi:10.1038/s41467-018-07087-z
 Torgersen, T. (1993). Defining the role of magmatism in extensional tectonics: helium 3 fluxes in extensional basins. J. Geophys. Res. Solid Earth 98 (9), 16257–16269. doi:10.1029/93jb00891
 Twiss, R. J., and Moores, E. M. (1997). Structural geology. 2nd Ed. San Francisco, 73 CA: Freeman and Company, 736. 
 Unsworth, M., and Rondenay, S. (2013). “Mapping the distribution of fluids in the crust and lithospheric mantle utilizing geophysical methods,” in Metasomatism and the chemical transformation of rock (Berlin, Heidelberg: Springer), 535–598. doi:10.1007/978-3-642-28394-9_133-642-28394-9_13
 Vannoli, P., Martinelli, G., and Valensise, G. (2021). The seismotectonic significance of geofluids in Italy. Front. Earth Sci. 9, 579390. doi:10.3389/feart.2021.579390
 Wang, C.-Y., Liao, X., Wang, L.-P., Wang, C.-H., and Manga, M. (2016). Large earthquakes create vertical permeability by breaching aquitards. Water Resour. Res. 52, 5923–5937. doi:10.1002/2016WR018893
 Wang, C.-Y., and Manga, M. (2015). New streams and springs after the 2014 Mw 6.0 South Napa earthquake. Nat. Commun. 6, 7597. doi:10.1038/ncomms8597
 Wang, K. (2008). The types, distribution and basic characteristics of geothermal areas in China. Geothermal Training Programme: Lectures on Geothermal areas in China Lecture 1. Orkustofnun, Grensásvegur 9, Reports 2008 IS-108 Reykjavík, Iceland Number 7. 
 Waring, G. A. (1965). Thermal springs of the United States and other countries of the world - a Summary. U. S. Geol. Surv. Prof. Pap. 492, 383.
 Wells, D. L., and Coppersmith, K. J. (1994). New empirical relationships among magnitude, rupture length, rupture width, rupture area, and surface displacement. Bull. Seism. Soc. Am. 84, 974–1002. doi:10.1785/BSSA0840040974
 Wexsteen, P., Jaffé, F. C., and Mazor, E. (1988). Geochemistry of cold CO2-rich springs of the scuol-tarasp region, lower engadine, Swiss alps. J. Hydrology 104 (1-4), 77–92. doi:10.1016/0022-1694(88)90158-8
 Wu, Y., Zhou, X., Zhuo, L., Guangbin, T., Ma, J., and Wang, Y. (2023). Structural controls of the northern Red River Fault Zone on the intensity of hydrothermal activity and distribution of hot springs in the Yunnan-Tibet geothermal belt. Geothermics 109, 102641. doi:10.1016/j.geothermics.2022.102641
 Wyss, M., Nekraskova, A., and Kossobokov, V. (2012). Errors in expected human losses due to incorrect seismic hazard estimates. Nat. Hazards 62, 927–935. doi:10.1007/s11069-012-0125-5
 Yousefi, H., Noorollahi, Y., Ehara, S., Itoi, R., Yousefi, A., Fujimitsu, Y., et al. (2010). Developing the geothermal resources map of Iran. Geothermics 39 (2), 140–151. doi:10.1016/j.geothermics.2009.11.001
 Zhang, Y., Romanelli, F., Vaccari, F., Peresan, A., Jiang, C., Wu, Z., et al. (2021). Seismic hazard maps based on neo-deterministic seismic hazard assessment for China seismic experimental site and adjacent areas. Eng. Geol. 291, 106208. doi:10.1016/j.enggeo.2021.106208
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2023 Martinelli, Pierotti, Facca and Gherardi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 28 December 2023
doi: 10.3389/feart.2023.1245677


[image: image2]
Crustal heterogeneity effects on coseismic deformation: numerical simulation of the 2008 MW 7.9 Wenchuan earthquake
Mingqian Shi1,2, Sichen Meng1,2, Caibo Hu1,2* and Yaolin Shi1,2
1College of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing, China
2The Key Laboratory of Computational Geodynamics, Chinese Academy of Sciences, Beijing, China
Edited by:
Jie Liu, Sun Yat-sen University, China
Reviewed by:
Huilin Wang, Huazhong University of Science and Technology, China
Wanpeng Feng, Sun Yat-sen University, China
* Correspondence: Caibo Hu, hucb@ucas.ac.cn
Received: 23 June 2023
Accepted: 17 November 2023
Published: 28 December 2023
Citation: Shi M, Meng S, Hu C and Shi Y (2023) Crustal heterogeneity effects on coseismic deformation: numerical simulation of the 2008 MW 7.9 Wenchuan earthquake. Front. Earth Sci. 11:1245677. doi: 10.3389/feart.2023.1245677

Coseismic deformation of large earthquakes causes significant property damages and fatalities, which requires quantitative research of multiple disciplines such as geodesy, geological investigation, seismic tomography, and seismic dislocation theory. The finite element method accounts for material heterogeneity and geometric complexity, making it suitable for studying the coseismic deformation of large earthquakes. This paper develops a parallel elastic finite element program that utilizes split nodes and high-performance parallel computing technology on the FELAC software platform to study the coseismic deformation of large earthquakes. We verify the accuracy of the parallel elastic finite element program by comparing its results with the analytical solutions from seismic dislocation theory for four ideal earthquake cases. Finally, we established parallel elastic finite element models to study the coseismic deformation of the 2008 Wenchuan earthquake. The simulation results are consistent with the GPS and InSAR data. Coseismic surface deformation results are significantly influenced by medium regional heterogeneity with different layered structures besides the Longmenshan fault. The finite element program lay the foundation for the inversion of the coseismic fault rupture process based on the heterogeneous medium model and complex geometric model.
Keywords: coseismic deformation, finite element model, seismic dislocation theory, Wenchuan earthquake, GPS, InSAR
1 INTRODUCTION
Coseismic deformation by large earthquakes offers insights into the elastic properties of Earth’s medium. It arises from the sudden release and modification of strain energy along the fault, causing significant losses in terms of property and human lives. The complexity of coseismic deformation induced by the 2008 MW 7.9 Wenchuan earthquake has been accurately captured through Global Positioning System (GPS) and Interferometric Synthetic Aperture Radar (InSAR) data. This study employs a series of parallel elastic finite element models to examine the influence of crustal medium variations on the coseismic deformation caused by the Wenchuan earthquake.
The study of coseismic deformation has matured, with well-established theoretical frameworks providing analytical and semi-analytical solutions rooted in seismic dislocation theory. Steketee (1958) initially proposed analytical dislocation solutions in semi-infinite elastic space, which were later extended by Okada (1985, 1992) to include both surface and internal coseismic deformation in three-dimensional semi-infinite elastic space. Sun et al. (1996, 2009) made significant advancements in coseismic dislocation theory specifically for the spherical layered earth model. Wang et al. (2003) developed the program EDGRN/EDCMP for coseismic deformation calculation in elastic or layered elastic Earth media. Additionally, USGS introduced the Coulomb 3.3 software (Toda et al., 2011) based on seismic dislocation theory in homogenous semi-infinite elastic space, which was widely applied in the calculation of coseismic deformation and the analysis of seismic hazard change. While commonly employed for forward calculation of coseismic deformation, the accuracy of the calculation results strongly depends on simple geometry and material model, which hinders the accurate acquisition of coseismic deformation calculations for complex geometric and material cases. Large earthquakes frequently occur at plate boundaries and interplate block edges, characterized by significant lateral variations in the medium. Practical scenarios necessitate the development of numerical simulation methods that account for the complex geometry and transverse heterogeneity of materials in coseismic deformation calculation.
Satellite geodesy, facilitated by recent advancements in space observation technology, has proven pivotal in observing and documenting surface deformation caused by large earthquakes, both coseismic and postseismic. Massonet et al. (1993) conducted a pioneering study using InSAR data to capture the coseismic deformation of the MW 7.3 Landers earthquake in Southern California. GPS and InSAR technologies have become prevalent tools to observe crustal deformation by large earthquakes. Numerous studies have employed a combination of InSAR and GPS data to investigate coseismic and postseismic deformation resulting from various earthquakes, such as the 2001 Ms 8.1 eastern Kunlun earthquake (Wan et al., 2008), the 2001 MW 7.8 Kokoxili earthquake (Tu et al., 2016; Zhao et al., 2018), the 2008 MW 7.9 Wenchuan earthquake (Wan et al., 2017), the 2011 MW 9.0 Tohoku-Oki earthquake (Wang M. et al., 2011), and the MW 7.8 Gorkha, Nepal earthquake (Sreejith et al., 2016). Previous studies have employed geodetic inversion techniques to estimate interseismic and coseismic slips for various seismic events (Tong et al., 2010; Ozawa et al., 2012). While image processing techniques effectively extract deformation characteristics from observed data, these interpretations primarily offer insights into observation results and do not comprehensively reveal specific earthquake mechanisms.
The finite element method (FEM) is extensively employed for numerical analysis of coseismic deformation. Freed and Lin (2001) utilized a viscoelastic finite element model to calculate coseismic and postseismic Coulomb stress changes associated with the 1992 Landers earthquake sequence, providing a valuable understanding of the delayed triggering of the 1999 Hector Mine earthquake. Zhang et al. (2015) employed a 3D finite element program based on the equivalent physical force method of seismic dislocation to investigate coseismic deformation in a spherical Earth model. Hu et al. (2012) and Wang et al. (2021) adopted the finite element method to analyze both coseismic and postseismic deformation of the 2008 Wenchuan earthquake. In addition, Hu et al. (2004) investigated postseismic deformation using a 3D viscoelastic Burgers FEM model for notable earthquakes, including the 1960 giant Chile earthquake, the 2004 giant Sumatra earthquake (Hu and Wang, 2012), and the 2012 MW 8.6 Indian Ocean earthquake (Hu et al., 2016). Luo and Liu (2010, 2018) utilized a three-dimensional viscoelastoplastic finite element model to calculate coseismic and postseismic Coulomb stress changes caused by the 2008 Wenchuan earthquake. Viscoelastic element models have also been applied to significant earthquakes, such as the 2004 MW 9.2 Sumatra–Andaman, 2005 MW 8.7 Nias, and 2007 MW 8.4 Bengkulu earthquakes (Wiseman et al., 2015), as well as the 1964 MW 9.2 Alaska earthquake (Suito and Freymueller, 2009). Numerical methods offer valuable tools for constructing realistic models of complex problems, allowing for scientific explanations grounded in mechanical mechanisms.
In this study, we developed a parallel finite element program based on the PFELAC 2.2 software platform (Element Computing Technology Co., Ltd, 2018a; Element Computing Technology Co., Ltd, 2018b; Xu et al., 2022) to precisely simulate coseismic displacement and stress fields associated with large earthquakes. To achieve this, we employed the split nodes technique (Melosh and Raefsky, 1981) and high-performance parallel computing technology. The surface coseismic displacement field and stress field at a half fault depth were validated against analytical or semi-analytical solutions provided by EDGRN/EDCMP (Wang et al., 2003) and Coulomb 3.3 (Toda et al., 2011) for four fault models: pure strike-slip, normal, reverse, and oblique thrust faults. Furthermore, by manipulating the transverse elastic moduli of the model, we quantitatively assessed the effects of medium heterogeneity on coseismic deformation. We calculated the coseismic deformation of the 2008 Wenchuan earthquake using the finite fault inversion model proposed by Wan et al. (2017) and compared it with observed geodetic GPS and InSAR data. The developed model captures the impact of crustal heterogeneity on the coseismic deformation of the 2008 Wenchuan earthquake.
2 METHOD AND MODEL
2.1 Elastic finite element formula
Formula (1) represents the virtual work principle in the 3D elastic finite element method, stating that the strain energy’s virtual work is the sum of the virtual work of the body force and the virtual work of the traction force (Hu, 2009; Hu et al., 2009; 2012).
[image: image]
where [image: image] and [image: image] represent the column vector form of stress and strain tensors, respectively, with [image: image] and [image: image] (engineering strain). The column vectors [image: image] and [image: image] represent the body force in the study area [image: image] and traction force on the boundary [image: image], respectively. [image: image] denotes the virtual displacement, and [image: image] represents the virtual strain.
The 3D elastic constitutive equation is given by (Hu, 2009; Hu et al., 2009; 2012)
[image: image]
The elastic matrix D can be expressed as
[image: image]
where [image: image]. The parameters pe and pν correspond to Young’s modulus and Poisson’s ratio, respectively.
To calculate coseismic displacement and stress, we employ the splitting nodes technique to convert coseismic dislocation on faults into a load vector. In this case, there are no body forces ([image: image]) or traction forces ([image: image]). Instead, we introduce the initial strain [image: image], obtained from the splitting coseismic dislocation on faults. Consequently, we derive the finite element formula (4) as follows (Hu, 2009; Hu et al., 2009; 2012):
[image: image]
Expanding Formula (4), we have (Hu, 2009; Hu et al., 2009; 2012):
[image: image]
where [image: image]. In the subsequent section, we will discuss the computation of the initial strain [image: image], obtained from the distribution of coseismic dislocation [image: image] on seismogenic faults using the splitting nodes technique.
2.2 Splitting nodes technique
The splitting nodes technique, pioneered by Melosh and Raefsky (1981), offers a straightforward approach to calculate coseismic displacement and stress, as outlined in formulas (4) and (5). The underlying principle of the splitting nodes technique is depicted in Figure 1 (Melosh and Raefsky, 1981).
[image: Figure 1]FIGURE 1 | One-dimensional fault model illustrating the splitting nodes technique (adapted from Melosh and Raefsky, 1981). Elements 1 and 2, with U as the displacement, are positioned adjacent to the seismogenic fault. The superscript denotes the element number, while the subscript indicates the node number of the element. ΔU represents the total dislocation of an earthquake.
The relationship between the nodal displacement of the element and the global nodal displacement is given by (Melosh and Raefsky, 1981):
[image: image]
where the displacement [image: image] consists of two components: the average displacement [image: image] and the half dislocation [image: image].
The global finite element equations of elements 1 and 2 are expressed as follows (Melosh and Raefsky, 1981):
[image: image]
The term [image: image] represents the global stiffness matrix, [U] denotes the global nodal displacement vector, while [F] corresponds to the global load vector.
Formula (7) expresses the determination of the coseismic load vector, which is caused by the three-dimensional coseismic dislocation [image: image] on the seismogenic faults.
2.3 Parallel technology
We developed a parallel elastic finite element program based on the virtual work principle (formulas (4), (5)) and the splitting nodes technique (formula (7)), utilizing the PFELAC 2.2 software platform (Element Computing Technology Co., Ltd., 2018a, 2018b; Xu et al., 2022). The parallel computation employed the domain decomposition method, consisting of a master process and a series of sub-processes. The master process is responsible for the assembling of the global stiffness matrix and global load vector, as well as the parallel solution of the system of super-sized linear equations. The subprocesses calculated the element stiffness matrix and element load vector. This research analyzed coseismic deformations by four different-type earthquakes using parallel finite element programs. The developed finite element programs were validated with results from Coulomb 3.3 and EDGRN/EDCMP to assess their accuracy.
3 PROGRAM TESTING
To validate our 3D elastic parallel finite element method (FEM) programs, we tested with four ideal earthquake models: pure strike-slip, normal, thrust, and oblique thrust faults, and compared the results with analytical solutions. The parameters for each model are listed in Table 1. Our finite element model has dimensions of 200 km × 200 km × 50 km, adequately encompassing the fault dimensions. The seismogenic fault is positioned at the center of the model and has a length of 20 km and a width of 10 km, extending to the surface. The FEM model employed a homogeneous, elastic, and isotropic material, with a uniform dislocation of 1 m assigned to the pure strike-slip, normal, and thrust faults, respectively. In the FEM model of the oblique thrust fault, the strike-slip and thrust dislocation components were both [image: image] m. We compared the coseismic displacements and stresses obtained from our FEM models with those from the Coulomb 3.3 and EDGRN/EDCMP programs to validate our 3D elastic parallel finite element method (FEM) programs. This study focuses on comparing the FEM simulations and the results by EDGRN/EDCMP and Coulomb 3.3 specifically for Model 4 (oblique thrust fault). The comparison for Models 1, 2, and 3 (pure strike-slip, normal, and thrust faults) is available in the Appendix.
TABLE 1 | The geometry and material parameters of four earthquake fault models.
[image: Table 1]Figure 2 compares surface coseismic displacement fields (u, v, w) of Model 4 (oblique thrust fault) with those by the Coulomb 3.3 program. The horizontal surface coseismic displacement (u, v) and vertical surface coseismic displacement (w) exhibit an asymmetric pattern for both the FEM model and the Coulomb 3.3 program. The overall patterns of the three coseismic surface displacement components are highly similar between the FEM model and the Coulomb 3.3 program.
[image: Figure 2]FIGURE 2 | Comparison of the coseismic surface displacements Model 4 (oblique thrust fault) between the FEM model and Coulomb 3.3 program. Left column: u, v, and w components by the FEM (panels A, C, E). Right column: u, v, and w components by Coulomb 3.3 program (panels B, D, F).
Figure 3 illustrates the coseismic stress field ([image: image]) at the half fault depth between the FEM model and the Coulomb 3.3 program for Model 4 (oblique thrust fault). The left column shows the FEM results, while the right column displays the results from the Coulomb 3.3 program. Both normal stresses ([image: image])and shear stresses ([image: image]) exhibit asymmetry. The patterns of six coseismic stress components by the FEM and the program Coulomb 3.3 are highly similar.
[image: Figure 3]FIGURE 3 | Comparison of coseismic stress at half fault depth between the FEM and Coulomb 3.3 program. Left column: FEM results for [image: image]. Right column: Coulomb 3.3 program results for [image: image]., The x-axis label represents the eastward direction, while the y-axis label represents the northward direction.
In Figure 4, we compare the surface coseismic displacements along a profile, passing the midpoint of the surface trace of the fault outcrop, perpendicular to the strike-slip direction using the FEM model, Coulomb 3.3, and EDGRN/EDCMP programs for Model 4 (oblique thrust). The three components exhibit highly similar patterns, with minor discrepancies that could be attributed to the sparse mesh grid of the FEM model.
[image: Figure 4]FIGURE 4 | Comparison of surface coseismic displacement along a profile, passing the midpoint of the surface trace of the fault outcrop, perpendicular to the strike-slip direction using the FEM model, Coulomb 3.3, and EDGRN/EDCMP programs for Model 4 (oblique thrust fault). The x-axis represents the eastward direction, and the y-axis represents the displacement components.
By comparing the coseismic surface displacement (Figures 2, 4) and coseismic stress (Figure 3) of Model 4, we have validated the accuracy and reliability of our 3D elastic parallel FEM programs. Additionally, in the Appendix section, we have conducted similar tests for the remaining three models (pure strike-slip, normal, and thrust faults).
In this paper, a set of parallel finite element programs to study the coseismic deformation of large earthquakes is developed on the PFELAC software platform based on the domain decomposition parallel finite element technique and the split node method. This parallel finite element program can take into account the complex geometry of the originating faults, the complexity of the coseismic rupture process, the strong topographic relief, and the material inhomogeneity of the Earth’s medium in the transverse and longitudinal directions. Due to the use of the domain decomposition parallel finite element technique, the node number of finite element meshes can reach ten million, which guarantees the calculation accuracy of the coseismic displacement and stress fields in the study area. On this basis, we can also calculate the coseismic Coulomb stress changes on the major faults around a large earthquake based on this parallel finite element program, which can be used to evaluate the seismic hazard changes on the major faults after a large earthquake. We can also quantitatively analyze the inhomogeneous distribution of coseismic stress drop on the main earthquake fault plane, which can be used to judge the range of aftershock distribution on the main earthquake fault plane.
4 CASE STUDY: THE COSEISMIC DEFORMATION OF THE 2008 MW 7.9 WENCHUAN EARTHQUAKE
The 2008 MW 7.9 Wenchuan earthquake occurred in the Longmen Shan fault zones, which include the Beichuan fault, the Wenchuan-Maowen fault, and the Pengguan fault (Shen et al., 2009; Figure 5). The Longmen Shan fault zones, with a length of >300 km, predominantly strike in the NE-SW direction. Their well-constrained geometry is based on geological surveys (Xu et al., 2008), precise aftershock positioning (Huang et al., 2008; Liu et al., 2019), seismic tomography (Lei and Zhao, 2009; Liu et al., 2009), and deep seismic reflection profiles (Guo et al., 2013). The Longmen Shan fault zones are one of the longest rupture zones observed in interplate thrust earthquakes (Xu et al., 2008). The Longmen Shan fault zones exhibit significant variations in topography and crustal structure, with an elevation difference of around 4 km between the Qinghai-Tibetan Plateau and the Sichuan Basin, and variations in crustal thickness by tens of kilometers (Liu et al., 2015; 2018). Tomographic studies reveal significant structural differences in the media on both sides of the Longmen Shan fault zones (Lei and Zhao, 2016), providing direct evidence of medium heterogeneity within and around the fault zones through observed variations in seismic velocities. The jelly sandwich model of the Qinghai-Tibet Plateau (Bürgmann and Dresen, 2008) implies vertical stratification, indicating significant medium heterogeneity in the adjacent regions to the fault zones. We will introduce the 3D parallel elastic finite element models to provide valuable insights into the impact of medium heterogeneity on the coseismic deformation of the 2008 MW 7.9 Wenchuan earthquake.
[image: Figure 5]FIGURE 5 | The tectonic background and coseismic dislocation distribution of the 2008 MW 7.9 Wenchuan earthquake. (A) Tectonic background: blue arrows denote coseismic GPS data, gray lines represent the main active faults, black and red lines denote the Beichuan fault, the Wenchuan-Maowen fault, and the Pengguan fault. The red star denotes the epicenter of the 2008 Wenchuan earthquake. (B) Coseismic dislocation distribution of the 2008 MW 7.9 Wenchuan earthquake (Wan et al., 2017).
The steep slopes surrounding the Longmen Shan fault zones limit the number of GPS observation points. After the 2008 Wenchuan earthquake, the China Crustal Observation Network project team initially provided data from 122 GPS observation points, which was later increased to 158 points by Shen et al. (2009). Wang Q. et al. (2011) contributed additional coseismic and postseismic deformation data. Wang et al. (2021) conducted an analysis of long-term deformation observations and identified a deceleration trend in the GPS velocity field from northwest to southeast when using the fault zones as a boundary. The strain rate field exhibited significant variations across the fault zones in the presence of continuous deformation fields obtained through GPS velocity interpolation. Localized abrupt changes in strain rate along the Longmen Shan fault zones can be attributed to significant variations in medium properties, corresponding to complex stress distribution. The Japan Aerospace Exploration Agency (JAXA) and the European Space Agency (ESA), using GPS and InSAR data revealed that the 2008 MW 7.9 Wenchuan earthquake predominantly involved thrust-slip motion, with a moderate strike-slip component. The coseismic deformation of the 2008 Wenchuan earthquake reflects the opposing displacements on either side of the fault zones and the consequent shortening of the crust. The observed coseismic displacements were comparatively larger in the Songpan-Ganzi region than those in the Sichuan Basin. The difference can be explained by theoretical models indicating a weaker crustal medium in the Qinghai-Tibet Plateau than that in the Sichuan Basin and the special geometry of the fault zones. In our numerical simulation, we employed seismic tomography (Lei and Zhao, 2009; Liu et al., 2009) and deep seismic reflection profiles (Guo et al., 2013) to construct a finite element model of the coseismic deformation induced by the 2008 Wenchuan earthquake.
The coseismic vertical displacement of the 2008 Wenchuan earthquake is significant, yet direct measurements of this component remain limited. Based on direct topographic measurements, previous studies revealed the following coseismic vertical displacement patterns during the 2008 Wenchuan earthquake: (1) The Yingxiu-Beichuan rupture zone experienced vertical displacements ranging from 0.2 to 11 m, with an average of 2–4 m. The maximum displacement of 11 m occurred on the eastern side of Beichuan town, marking the highest coseismic vertical displacement within the surface rupture zone (Li et al., 2008; Dong and Chen, 2009). (2) The Hanwang rupture zone exhibited vertical displacements ranging from 0.5 to 4 m, with the highest point at Shaba Village, Jiulong Town, Mianzhu City, reaching approximately 4 m (Li et al., 2008). (3) The Xiaoyudong rupture zone demonstrated vertical displacements ranging from 0.2 to 3 m, with an average of 1–1.5 m (Li et al., 2008). Previous studies utilized first-class precision level measurement to determine the coseismic vertical displacement components of the Wenchuan earthquake along specific level routes. The findings revealed that: (1) The western hanging wall of the main rupture zone in the Longmen Shan Central Rupture predominantly experienced significant coseismic uplift. The vertical displacement decreases rapidly with distance from the fault. The highest uplift, approximately 4.7 m, was observed at the Beiyun 1 level point in Beichuan town. (2) The maximum vertical sinking occurred within the Beichuan-Guixi fault valley, with a coseismic sinking of approximately 0.6 m (Wang et al., 2010; Dong et al., 2012).
Several research teams have focused on surface rupture and quantified the coseismic dislocation distribution of the 2008 Wenchuan earthquake (Xu et al., 2010; Zhang et al., 2011; Tan et al., 2015). Previous studies employed various approaches, such as joint inversion of InSAR and GPS data (Tong et al., 2010; Xu et al., 2010) and Okada’s static elastic dislocation model (Bai et al., 2012), to characterize the fault’s coseismic rupture. However, these models have limitations in accounting for the heterogeneity of the medium in the Longmen Shan fault zones. To overcome this limitation, we adopted Wan’s (2017) coseismic rupture model, which incorporates the layered structure of the medium and the spatial complexity of the fault rupture plane.
In this study, we utilized a large finite element model with dimensions of 1,000 km*1,000 km*100 km to comprehensively compare with fault sizes. Two parallel finite element models, Model A and Model B, were constructed based on the coseismic dislocation inversion model proposed by Wan et al. (2017). Model A represents a uniform medium with Young’s modulus of 8.1E10 Pa and Poisson’s ratio of 0.25. Conversely, Model B incorporates heterogeneity by including different material properties in seven vertically divided layers, as derived from Wan et al. (2017). Furthermore, there are significant horizontal variations in the medium on both sides of the fault zones.
Figure 6 illustrates the coseismic surface displacements of Model B and the absolute residuals of the coseismic surface displacements by Model A and Model B, respectively. The results confirm that the 2008 Wenchuan earthquake is predominantly characterized by thrust slip, with a moderate component of strike-slip motion. The simulated coseismic vertical displacements reveal significant uplift exceeding 4 m in the western hanging wall of the Longmen Shan fault zones, consistent with the first-class precision level measurements (Figure 6C; Wang et al., 2010; Dong et al., 2012). These simulated vertical displacements align with findings from first-class precision level and direct topographic measurements, indicating a sharp decrease with increasing distance from the fault (Figure 6C; Li et al., 2008; Dong and Chen, 2009; Wang et al., 2010; Dong et al., 2012). The absolute residuals of Models A and B exceed 8 cm, highlighting the significance of accounting for the vertical and transverse heterogeneity of the medium. The comparison of simulated coseismic horizontal displacements and GPS data is shown in Figure 7.
[image: Figure 6]FIGURE 6 | The coseismic surface displacements of Model B and the absolute residuals of the coseismic surface displacements by Model A and Model (B). Panels (A-C) represent the u, v, w components of the coseismic surface displacements of Model B, respectively. Panels (D-F) show the absolute residuals of the coseismic surface displacements (u, v, w) by Model A and Model (B).
[image: Figure 7]FIGURE 7 | A comparison between the coseismic surface deformation predicted by Model B and the corresponding GPS data.
Figure 7 compares the coseismic surface deformation by Model B with GPS observation data. The root mean square error (RMSE) between the east component of the finite element model and GPS data is 7.98 cm, while for the north component, it is 5.61 cm. The GPS observation data uncertainty is quantified by RMSE values of 1.56 cm (east component) and 1.81 cm (north component). The finite element computation results demonstrate coherence with the actual characteristics of coseismic surface deformation.
Figure 8 compares the coseismic deformation between Model B and InSAR data. The left column represents the results of Model B, while the right column shows the InSAR data. Figures 8A, B present the ascending Line Of Sight (LOS) displacement with a root mean square error (RMSE) of 11.0 cm. Figures 8C, D display the descending LOS displacement with an RMSE of 9.11 cm. By employing the complex rupture model proposed by Wan et al. (2017), Model B demonstrates consistency with both GPS and InSAR data.
[image: Figure 8]FIGURE 8 | A comparison of the coseismic surface deformation by Model B and InSAR data. (A) LOS ascending displacement by Model B; (B) LOS ascending displacement by InSAR data; (C) LOS descending removal by Model B; (D) LOS descending displacement by InSAR data.
5 DISCUSSION
We have developed a parallel elastic finite element program with the splitting nodes technique for accurate computation of coseismic displacement and stress fields by large earthquakes. To validate the effectiveness and accuracy of our FEM program, we conducted a comparative analysis of four earthquake cases using results from programs EDGRN/EDCMP and Coulomb 3.3 based on seismic dislocation theory. The parallel elastic finite element method offers advantages in handling geometric complexity, material heterogeneity, and complex boundary conditions. Utilizing this method, we can calculate Coulomb stress changes (∆CFS) on major fault planes our parallel elastic finite element method to determine coseismic displacement and stress fields, to assess the alteration in seismic hazard following significant earthquakes (Toda et al., 2008).
Three theoretical models (Model 1, Model 2, and Model 3) were developed to quantitatively investigate the impact of different medium variations on the distribution of coseismic deformation. In all models, a vertical complete strike-slip fault with a 1 m pure strike-slip dislocation is present at the center. The Poisson’s ratio is uniformly set to 0.25 for all three models. The Young’s modulus values on the left and right sides of the fault are described as Ea and Eb, respectively. The sum of Ea and Eb remains constant throughout the models, with specific values assigned as follows: Ea=Eb=8.1E10 Pa (Model 1); Ea=2 Eb=10.8E10 Pa (Model 2); Eb=2Ea=10.8E10 Pa (Model 3). Figure 9 presents the coseismic surface deformations of the three models. The results demonstrate that in Model 1, where Young’s modulus of the media on both sides of the fault is equal (Model 1), strict symmetry is observed in the surface coseismic displacements on both sides of the fault. However, in models (Model 2 and Model 3) with a doubling difference in Young’s modulus of the media on each side of the fault, the symmetry of the surface coseismic displacements between the two fault segments is lost. The segment with a lower Young’s modulus exhibits larger assigned displacement, while the segment with a higher Young’s modulus has smaller assigned displacement. Nevertheless, the overall distribution characteristics of total deformation remain unaffected. Li and Huang (2011) conducted numerical simulations and found a positive correlation between the vertical component of the seismic coseismic displacement field and the shear modulus, while the horizontal component showed a negative correlation. This indicates the importance of considering lateral variations in the medium, which can be determined quantitatively through seismic tomography imaging and deep seismic reflection profiles when analyzing the coseismic deformation of major earthquakes.
[image: Figure 9]FIGURE 9 | Comparison of the surface coseismic deformation results for the three theoretical models. (A, D, G): u v w by Model 1; (B, E, H): u v w by Model 2; (C, F, I): u v w by Model 3; (J): displacement component v comparison along a surface profile by Model 1, 2, and 3.
The asymmetry of the surface coseismic distribution of an ideal fault may be caused both by the inhomogeneity of the material on both sides of the fault (Figure 9) and by the geometric complexity of the fault. The Longmen Shan faults exhibit a spade-like structure. Xu and Xu (2015) investigated models with different dip angles and material parameters, revealing greater coseismic deformation in the hanging wall than in the foot wall Quantitative analysis is required to understand the influence of fault morphology on coseismic deformation. Our findings inform future inversion studies in the coseismic rupture of large earthquakes, highlighting the importance of considering fault geometry and media differences on the inversion results.
6 CONCLUSION
We have developed a 3D parallel elastic finite element program using split nodes and high-performance parallel computing. To validate its accuracy, we compared the program’s results for four ideal earthquake cases with analytical solutions from seismic dislocation theory. Our program investigates the media inhomogeneity in the lateral and depth directions on both sides of the main fault, complementing existing homogeneous models. This development lays the groundwork for future inversion studies of coseismic fracture processes based on inhomogeneous models. Using the program, we analyzed the coseismic deformation of the 2008 Wenchuan earthquake, obtaining results consistent with previous research and GPS data. This demonstrates the program’s suitability for complex geometry and inhomogeneous media in coseismic deformation analysis.
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We analyzed the major chemical components, hydrogen (δD) and oxygen isotopes (δ18O), and tritium activity in groundwater from Jiujiang well number 2 (JJ2) as well as atmospheric precipitation and water from the Maweishui spring and Tianhuajing reservoir in the Mt. Lushan region, Eastern China. The results show that the water in JJ2 is of the HCO3-Ca·Mg type, with ionic components mainly arising from calcite and dolomite mineral dissolution. According to the δD and δ18O data, the groundwater of JJ2 mainly comes from atmospheric precipitation, and the recharge elevation is 554 m. Results for tritium activity indicate that JJ2 is fed by both an ancient water supply and a new water supply within a period of 10 years. These results demonstrate that JJ2 has characteristics of both shallow and deep circulating water, which implies that aquifers involving two different recharge sources rise to the well surface via different circulation paths. That is exactly why JJ2 is tectonically sensitive and could display a remarkable gas radon anomaly before the Ruichang-Yangxin ML 5.0 earthquake in 2011. Our results also indicate that ascertaining the hydrological characteristics and cycling process of groundwater are crucial for understanding the earthquake anomalies and judging whether a seismic groundwater monitoring well is reliable or not.
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1 INTRODUCTION
Underground fluid is proved to be an important carrier for transmitting information of geological evolution within the Earth and thus its geochemical characteristics and genesis are widely studied (Zhang, 1992; Che et al., 1998; Du and Kang, 2000; Liu, 2006; Li et al., 2022; 2023). Detailed researches involving the relationship between groundwater and surface runoff (Grasby et al., 1999; Su et al., 2009; Gu et al., 2017), the circulation process and water-rock interactions (He and Singh, 2019; Hosono and Masaki, 2020; Hosono et al., 2019; Nakagawa et al., 2020; Shi et al., 2020; Barberio et al., 2017; Skelton et al., 2014; Barberioet al., 2017; Zhou et al., 2020; Chen et al., 2015; Li et al., 2021; Martinelli and Dadomo, 2017; Skelton et al., 2019; Li et al., 2017; Bao et al., 2019; Du and Liu, 2003; Sun et al., 2016; Zhou et al., 2022; Tian et al., 2021; Song et al., 2006), the changes of chemical compositions before and after earthquakes (Tsunogai and Wakita, 1995; Claesson et al., 2004; Reddy and Nagabhushanam, 2011; Reddy et al., 2011; He and Singh, 2019; Hosono and Masaki, 2020; Hosono et al., 2019; Nakagawa et al., 2020; Shi et al., 2020; Barberio et al., 2017; Skelton et al., 2014; Barberioet al., 2017; Zhou et al., 2020; Chen et al., 2015; Zhao et al., 2023), and the earthquake anomaly verification (Liu and Ren, 2009; Zhang et al., 2014; Zhang et al., 2016; Zhou et al., 2021). All these studies demonstrated that making clear the origin and forming process of underground fluid is the prerequisite for identifying earthquake precursors (Li et al., 2022; 2023).
Ruichang-Yangxin ML 5.0 earthquake, occurred on 10 September 2011, is one of the large earthquakes occurred in the central and eastern regions of China in recent years. About 1 month before the earthquake, radon in groundwater from Jiujiang well number 2 (herein after JJ2) increased rapidly, showing a remarkably high value anomaly. The reason that JJ2 can exhibit such anomaly could be the fact that JJ2 is a cold spring located on the fault zone with a moderate groundwater age as there is a hypothesis that neither young and old groundwater can reflect the change of the geochemical environment in the crust effectively while groundwater with moderate age is more able to show relatively complete abnormal forms before earthquakes (Pan and Gao, 2001). But to better understand the cause of this radon anomaly, more detailed works need to be done on the groundwater characteristics in the JJ2. Therefore, this paper attempts to give a reasonable explanation to the seismic hydrogeochemical characteristics of the well and the causes of the pre-earthquake anomaly of gas radon through the analysis results of hydrochemical composition, hydrogen and oxygen isotopes and well water dating. This would provide a scientific basis for further understanding the recharge cycle and anomaly formation in shallow wells on the fault zone and exploring the formation mechanism of gas radon anomaly in areas with few earthquakes and weak earthquakes and its response relationship with regional tectonic activities.
2 GEOLOGICAL SETTING
The JJ2 is a typical well at the Jiujiang Seismic Monitoring Centre station (JJS) (29.65°N, 115.33°E, 110 m) which is located in the northwestern side of Lushan Mount (Mt Lushan) in the north of Jiangxi province and tectonically belongs to the junction zone of Yangtze block (Jiangnan ancient land) and Dabie Mountain block (Lv et al., 2008). The climate here is subtropical monsoon, with annual average temperature of 16.7°C and average annual precipitation of 1,300 mm. Active faults are well developed in the area including the NE-trending Tanlu Fault, the NW-trending Xiangfan-Guangji Fault, and the NEE trending Xiajia-Weijialing Fault (Figure 1). The Xiajia-Weijialing fault near the JJ2 is a left strike-slip fault on the edge of the northwestern margin of Lushan Mountain. The fault extends for about 8 km wide and about 11.5 km long, with a general tendency 320°–330° and an inclination of 60∼70°. The study area is seismically active, within which three earthquakes with magnitude above 3.0 have occurred since 2005, including the Jiujiang-Ruichang ML 5.7 earthquake in 2005, the Ruichang-Yangxin ML 5.0 earthquake in 2011, and the Jiujiang ML 3.7 earthquake in 2015 (Figure 2).
[image: Figure 1]FIGURE 1 | (A) Structural geological map of the study area. (B) Schematic diagram of well structure and aquifers of JJ2. (C) Location of the study area.
[image: Figure 2]FIGURE 2 | Time-series map of earthquakes above ML 2.0 within 150 km of the Jiujiang seismic station.
JJ2 is a structurally confined artesian well started running since 2008. The well has the depth of 71 m and the casing of 11.9 m. From the surface to 6.2 m, it is composed of loam and gravel of Lianwei Formation of Quaternary; 6.2–11.9 m is composed of strongly weathered carbonaceous limestone of Piyuancun Formation of Sinian; and 11.9–71 m is composed of Lower Proterozoic carbonaceous limestone (Figure 1). The well has two aquifers at 17–22.5 m and 55–63.5 m respectively, and the current daily discharge is approximately 300 tons. There is a reservoir about 1 km away and a river about 50 m away which comes from the Maweishui (MWS) spring in the Mt Lushan.
3 SAMPLING AND ANALYZING METHODS
Atmospheric precipitations from the courtyard of JSS (JIJ), Guomiansichang (GMS), Xingang (XG), and Lushan Meteorological Bureau (LMB) were collected for δD and δ18O analysis. Water samples from the JJ2, MWS spring, and Tianhuajing reservoir (THJ) were collected for δD, δ18O and chemical analysis. The sampling bottle was high density polyethylene (HDPE) screw cap bottle with a thin neck. In order to avoid contamination of samples, sampling bottle was cleaned with deionized water before collecting samples, and then with the collected water sample for three times. By overflow method, the bottle was capped immediately after filling, and the mouth wrapped with parafilm. Two samples were collected at each sampling point. A total of 239 effective water samples were obtained, of which 198 were obtained from atmospheric precipitation, and 41 from JJ2, THJ reservoir and MWS spring water. The collection method was to connect a sampling bottle under the rain gauge. In order to prevent sundries from entering the sampling bottle, a ping-pong ball was placed in the rain gauge. Effective precipitation with long rainfall duration was used for test and analysis. Water samples from JJ2, which was used for hydrogen and oxygen isotope testing, were collected once every 2 weeks, and water samples from four different seasons were selected for hydrochemical composition analysis. The water from THJ reservoir and MWS spring were collected once for hydrogen and oxygen isotope and water chemical composition analysis. All samples were filtered through a 0.22 μm membrane before measurement.
Water temperature, pH value, and total dissolved solids (TDS) were recorded in the sampling point, and each parameter was measured thrice continuously and averaged. The hydrochemical components and hydrogen and oxygen isotope analysis of the samples were completed in the Key Laboratory of Crustal Dynamics (Underground Fluid Dynamics Laboratory Unit) of China Earthquake Administration, where major element analysis equipment used was ICS-2100 ion chromatograph (flow accuracy <0.1%). Oxygen isotope analysis equipment used was Picarro liquid water isotope analyzer (L2130-i type, United States of America), and the results of stable isotopes of hydrogen and oxygen were expressed in thousandths difference relative to Vienna standard mean marine water (VSMOW):
[image: image]
Here, Rsample represents the ratio of 18O/16O (D/H) in the samples; Rstandard represents the ratio of 18O/16O (D/H) in VSMOW. The accuracy of the tests conducted was determined to be δ18O < 0.05‰ and δD < 0.5‰. The tritium isotope radioactivity of the samples was tested at the Institute of Hydrogeology and Environmental Geology, Chinese Academy of Geological Sciences, using a Quantulus-1220 ultra-low background liquid scintillation spectrometer. Liquid scintillation counting was employed as the analytical method.
SD-3A Intelligent Digital Radon Meter operates based on the flashing light method. When radon gas enters the scintillation chamber, the α particles emitted from the decay of radon and its progeny cause the “fluorescent body” on the wall of the sampler in the scintillation chamber, which is made of ZnS (Ag), to emit weak flashes of light. The photomultiplier inside the instrument then detects and converts these flashes of light into electrical impulses. These electrical impulses are further amplified by the electronic circuits, and finally, the processor records the corresponding electrical impulse signals. Subsequently, the processor calculates the radon content (concentration) in the measured gas (or soil) using the principle of pulse count rate, which is determined by the number of electric pulses recorded per unit time.
4 RESULTS
4.1 Hydrochemical characteristics
The main analytical phases of hydrochemistry in the study area (pH, TDS, Ca2+, Mg2+, Na+, K+, F−, Cl−, SO42−, and HCO3−) are shown in Table 1. Generally, the pH values of groundwater and surface water were weakly alkaline, while that of MWS Spring was acidic. The TDS of JJ2 water, THJ water, and MWS water were 247.07∼258.15 mg/L, 46.80 mg/L, and 42.90 mg/L respectively. The TDS of groundwater was higher than that of surface water. As can be seen in Piper’s three-line diagram, the main positive ions include Ca2+, Mg2+, and Na+, and the main negative ions are HCO3− and Cl−. In the piper chart, the water samples are mainly distributed in three zones (Figure 3). Among them, the water samples on the first zone (JJ2 and THJ) belongs to the HCO3−Ca·Mg type. Atmospheric precipitations (JIJ and GMS) in the second zone belongs to the Cl−Na type. Other water samples are located in the third zone of the piper diamond graph that belong to the HCO3−Na type.
TABLE 1 | Summary of stable isotopes and chemical compositions of different water bodies in the Lushan regions [“-” represents no text data, “*” represents data from Bao et al. (2022)].
[image: Table 1][image: Figure 3]FIGURE 3 | Piper diagram of chemical macronutrients.
4.2 Characteristics of hydrogen and oxygen isotope composition
The measured values of hydrogen isotope (δD) and oxygen isotope isotopic composition (δ18O) in JJ2 was −43.87‰∼-39.69‰ and −7.42‰∼-6.09‰, respectively. The mean values of δ18O and δD for the JJ2 are −6.99‰ and −42.55‰ respectively. The measured value of δD and δ18O in atmospheric precipitation was −126.77‰∼22.11‰ and-15.97‰∼0.48‰, respectively. The mean values of δ18O and δD for the atmospheric precipitation are −7.67‰ and −48.68‰ respectively. According to the measured values of hydrogen and oxygen isotopes of atmospheric precipitation, the local atmospheric precipitation line was: δD=8.6 δ18O+18.8 (r=0.97, n= 198), and the slope and intercept were roughly the same as those in Nanjing (Wang et al., 2013; Liu et al., 2014). According to the δD and δ18O of groundwater in JJ2, the evaporation line of groundwater at JJS was fitted as: δD= 3.0 δ18O-21.9 (r=0.86, n=34). Moreover, it could be observed that δD and δ18O of the JJ2 water are mainly distributed near the meteoric water line (Figure 4). Compared with the local precipitation line and the global atmospheric precipitation line, the slope and intercept of the fitted evaporation line were obviously smaller, which indicates that the whole water belongs to the atmospheric genetic type and experienced certain evaporation before the atmospheric precipitation is replenished (Craig, 1961; Giggenbach, 1992).
[image: Figure 4]FIGURE 4 | Distribution chart of δD and δ18O in the water sample.
4.3 Gas radon concentrations
The intelligent digital radon-detectors (SD-3A) samples once every hour. This paper provides the observed gas radon data time series from January to December 2011 (Figure 9C). It can be seen that the normal background values are varying in range of 0.3 Bq/L to 2.0 Bq/L. However, the value began to rise rapidly since 12th of August 2011 and reach a maximum value of 28.5Bq/L on 30th of August. After that, the value began to decline. During the process, the Ruichang-Yangxin ML5.0 earthquake occurred on 11 September, which is about 27 km away from the JJ2.
5 DISCUSSION
5.1 Groundwater circulation depth
Groundwater geochemical evolution is mainly controlled by various chemical reactions between water and rock, and identifying these reactions is the basis of groundwater geochemical evolution research (Giggenbach, 1988). In this paper, Na-K-Mg triangle graphic method is utilized to analyze the chemical equilibrium reaction characteristics and cycle depth of groundwater components. The Na–K–Mg triangular plot (Figure 5) shows the sample of JJ2 and THJ are in immature water zone, indicating that they are not fully equilibrated with the reservoir rocks. The sample of MWS plot in the partial equilibrated water zone, which show that part of water-rock interaction had reached equilibrium, the circulating depth of underground water was deep.
[image: Figure 5]FIGURE 5 | Na-K-Mg diagram and partial enlargement of water sample.
Cation geothermometers can be used to estimate approximate reservoir temperatures. In this study, the Na-K-Mg triangulation based on Na-K and K-Mg geothermometers were used to assess the thermal storage temperature of underground water samples. According to the temperature marking in Figure 5, the reservoir temperatures of groundwater in JJ2 was about 60∼80 °C, and the MWS sample was about 160°C.
According to the reservoir temperature, the circulated depth calculation formula shown as follows is adopted
[image: image]
Here, Z represents the circulation depth (km); Z0 represents the depth of the constant temperature zone (km); T represents the reservoir temperature (°C); T0 represents the temperature of the constant temperature zone (°C), namely, the local average temperature; Tgrad represents the geothermal gradient (°C/km) reflecting the geothermal change per kilometer of the place below the constant temperature zone (Xiong et al., 1990). Based on the previous studies on groundwater in the study area, we selected the geothermal gradient Tgrad of 21.3°C/km (Wang et al., 2023a), the annual mean temperature T0 in the Jiujiang is 17.5°C, and the Z0 is 20 m. The circulation depth of the JJ2 and MWS are about 2015∼2,954 m and 6710 m respectively, which implies that the circulating path of groundwater in MWS spring was different from that in JJ2. The circulation depth and the reservoir temperature of the JJ2 and MWS are positive-related. Cool waters are likely involved during the long circulation pathways between the reservoir and the spring vent.
5.2 Recharge elevation
The linear regression between different elevations and their hydrogen and oxygen isotope ratios could fit the elevation gradient of oxygen isotopes in the study area. When studying the groundwater recharge elevation, “isotope elevation gradient” can be used in a local area. According to previous research results (Ou et al., 2011), the elevation gradient of δ18O and δD in Lushan area is 0.188‰/100 m and 0.0138‰/100 m respectively. The recharge elevation of groundwater in the study area can be estimated by using the elevation gradient value, and its calculation formula is as follows:
[image: image]
Here, H represents the recharge elevation (m), h represents the sampling point elevation (m); δG represents the isotopic composition of underground water (‰), δP represents the atmospheric precipitation near the sampling point (‰); K represents the isotopic altitude gradient (‰/100 m). Considering the probably oxygen drift caused by water-carbonate rock interaction (Pang et al., 2017), KδD = 0.0138‰/100 m was used in this study. So, the calculated recharge elevation calculated is 554 m.
5.3 Groundwater age
Tritium is a radioactive isotope of hydrogen, with a half-life of 12.43 a (Lucas and Unterweger, 2000), which can be subdivided into natural tritium and artificial tritium according to its origin. Natural tritium mainly comes from cosmic rays, and artificial tritium mainly comes from human activities such as nuclear experiments. Tritium is released during the month of precipitation, surface water, and groundwater, and is not easy to react with environmental media along with hydrogeological and other processes for life, but only follows the radioactive law, with the change being quite independent (Wang, 1991). Based on the inherent characteristics of tritium, it tends to estimate the age of groundwater and discriminate the source of recharge. The tritium content in the natural state is very low (<0.5). According to previous studies (Gu, 2011), when the activity is less than 1.0 Tritium Unit (TU), the old water was replenished before 1953, 1∼3 TU, old water mixed with new water for nearly 10 years. According to recent study, the tritium activity of JJ2 is 1.6 ± 0.6TU (Bao et al., 2022), which indicated that the JJ2 has both old water supply and nearly 10 years new water supply, the groundwater was of moderate age and had the conditions to reflect the dynamic changes of medium and environment in the fault zone (Zhang et al., 2019). It also implied that the two aquifers in JJ2 have different circulation paths and recharge sources.
5.4 Petrographic compositions involved in dissolution and hydraulic relationship
The ratio of ion molar concentrations in groundwater is often used to discriminate the source of dissolved ionic minerals in the water samples (Su et al., 2022). γCl/γNa+K ratios of most waters fall below 1:1 ratio line (Figure 6A), implying that cation exchange and weathering of silicates (NaAlSi3O8+8H2O→Na++Al(OH)4 +3H4SiO4) may be significant processes along the JJ2 (Xiao et al., 2022; Wang et al., 2023b). As shown in Figures 6B, C, γHCO3/γCa in the waters of JJ2 fall in the zone between lines 1:1 and 1:2, and the ratio of γHCO3/γMg+Ca in all waters of JJ2 mostly fall along the line 1:1, combined with the chemical types of HCO3-Ca·Mg in JJ2, suggesting that the dissolution of calcite and dolomite are relevant to the lixiviation of carbonate. This phenomenon is also consistent with the lithological characteristics of the strata around JJ2. As shown in Figure 1, the stratigraphic lithology around the aquifer of JJ2 consists of carbonaceous greywacke, siliceous greywacke and sandstone, constituted mainly by calcites, dolomites, quartz, feldspars and clay minerals. So, Ca2+ and Mg2+ mainly originate from the dissolution of carbonates (calcites and dolomites), as well as some silicate minerals such as feldspars, which is further evidenced by the results in Figure 6D where the JJ2 samples fall mainly in the calcite dissolution zone, and occasionally in the dolomite dissolution zone.
[image: Figure 6]FIGURE 6 | (A) Relationships between Na+ +K+ and Cl− of JJ2. (B) Relationships between Ca2+ and HCO3− of JJ2. (C) Relationships between Mg2+ +Ca2+ and HCO3− of JJ2. (D) Relationships between Ca2+ and Mg2+of JJ2. (E) Relationships between Ca2+ and SO42−of JJ2.
Scherer diagram can intuitively reflect the chemical characteristics of different water bodies. It is generally believed that waters with strong morphological consistency may have similar sources and circulation processes. Therefore, Scherer diagrams are often used to distinguish the hydraulic relationships of different water bodies. (Craig, 1961; Zhang et al., 2019). As shown in Figure 7, it can be found that the ion sources of MWS and THJ are more complex compared to JJ2, in which MWS mainly includes calcite, dolomite, silicate and gypsum, while THJ mainly include calcite, dolomite, silicate, gypsum and Halite. The ion content curves of MWS and JJ2 are significantly different from each other, suggesting that they are not hydraulically connected. In the piper diagrams (Figure 3), the water of JJ2 and MWS belong to different water chemistry types, which further implies that they have different origins. Although the hydrochemistry types of JJ2 and THJ are the same, the morphology of their ion content curves are still very different, so it is discriminate that they are weakly hydraulically connected to each other. This is similar to the results reflected in Figure 6.
[image: Figure 7]FIGURE 7 | Scherer diagrams shows the characteristics of constant components.
5.5 Response of observation well to seismic activity
The evolution of d excess of groundwater is mainly controlled by surrounding rocks, oxygen-bearing components, lithology and aquifer sealing conditions, water retention time, and physical and chemical properties of water. The d value of JJ2 was 9.03∼15.93, with the mean value of 13.40, which belongs to modern circulating leaching water (Bao et al., 2021). This is consistent with the fact that JJ2 samples are located in the immature area of the Na-K-Mg block, and have a shallow recharging elevation. That is to say, JJ2’s aquifer cycle recharge faster and do not react adequately with the surrounding rocks. The δD and δ18O compositions indicates that the source of water in JJ2 is of the atmospheric precipitation genesis type, so the main recharge source of water in the aquifer in JJ2 is the atmospheric precipitation via infiltration through the rock fissures (Figure 8C). However, some deep-derived fluids may also get involved as evidenced by the results of the tritium activity analysis.
[image: Figure 8]FIGURE 8 | (A) Schematic diagram of the observation well. (B) The source of escaping gas radon.
Radon, as an earthquake-sensitive component of subsurface fluids, is one of the longest observed and most widely used monitoring items in the field of earthquake forecasting. Abundant studies have proved that there are significant Rn anomalies before the occurrence of earthquakes (Igarashi et al., 1995; Sugisaki et al., 1996; Liu and Ren, 2009; Muto et al., 2021). One month before the Ruichang-Yangxin ML 5.0 earthquake (<50 km), escaping radon in JJ2 showed significant high value anomalies (Figure 9C). Based on the results above, we think that there are two reasons resulting such sensitive response. Firstly, the JJ2 is located right on the fault, so its aquifer is connected well to the fault fracture zone which provides abundant pathways for circulation of substances in the underground fluid in the preparation process of earthquakes (Figure 8A); Secondly, the JJ2 is fed by moderate aged water, which can promptly reflect the changes in the geochemical environment within the earth’s crust and show a more complete pattern of anomaly before the earthquake. In addition, the water level and water temperature measurements in the observation wells did not observe obvious precursor anomalies before the earthquakes (Figures 9A, B), indicating that the hydrophysical observations were not sensitive or the sensitivity of the instruments was not enough to capture the significant anomalies.
[image: Figure 9]FIGURE 9 | (A) Time series diagram of water temperature from JJ2. (B) Time series diagram of water level from JJ2. (C) Time series diagram of gas radon concentration from JJ2.
6 CONCLUSION
In this study, the water samples from the JJ2 well, THJ reservoir, MWS spring, and local atmospheric precipitations were collected and analyzed, based on which responding mechanism of water in JJ2 to tectonic activities were discussed. Main conclusions were obtained as follows:
(1) The water type of the JJ2 and THJ is HCO3-Ca-Mg type, and of MWS spring is HCO3-Na type. The JJ2 water experienced weak water-rock interactions and belongs to the immature water, with the circulating depth of 2015∼2,954 m. MWS spring water experienced relative more intense water-rock interactions and is close to the partially equilibrated water, having the circulating depth about 6710 m. In addition, the waters from the JJ2, MWS spring, and THJ reservoir are not hydraulically connected.
(2) The JJ2 water is mainly a modern leaching water of atmospheric origin, with recharge elevation of about 554 m, and partially exchanged with fluids from deep parts of the fault.
(3) Due to the JJ2 is located right on the fault and has characteristics of both shallow and deep circulating water, JJ2 water can respond to regional tectonic activities sensitively as evidenced by the Radon anomaly before the Ruichang-Yangxin ML 5.0 earthquake in 2011.
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Introduction: Identifying and quantifying earthquake precursors, and analyzing their physical mechanisms, continues to be a challenge for earthquake forecasting. In this study, orthogonal functions were developed to effectively identify precursor anomalies, thereby improving the forecasting of strong earthquakes.
Methods: To study the spatio-temporal contour anomalies in seismic strain fields, we assessed them for seismic activity variables and natural orthogonal function expansion, in six strong earthquakes near the Longmenshan Fault Zone, China, that have occurred since 2008.
Results: We observed that, prior to these earthquakes, the temporal factor (the time variation characteristics of the strain field) displayed anomalies with high/low values exceeding the mean square error within a stable context. The anomalies exhibited multi-component characteristics and were primarily concentrated in the first four-strain fields. Short-term and impending-earthquake anomalies were observed in the temporal factor before the 2008 Wenchuan (M8.0) and 2013 Lushan (M7.0) earthquakes, while medium-term and long-term anomalies appeared before the other four strong earthquakes, without notable short-term anomalies. The temporal evolution of strain field contour anomalies, and the strain contours positive and negative intersection, showed that central areas surrounded by multiple strain field contour anomalies were potential locations for strong earthquakes. This suggests a potential approach for earthquake location forecasting. Since 2009, there have been five strong earthquakes, each affected to varying degrees by anomalous strain fields from the 2008 Wenchuan (M8.0) earthquake.
Conclusion: The results of this study corroborate the findings of the focal mechanism’s node shear stress, indicating significant physical implications of the anomalies and the reliability of these conclusion.
Keywords: Longmenshan fault zone, natural orthogonal function, seismic strain anomalies, temporal and spatial characteristics, shear stress results of focal mechanism
1 INTRODUCTION
The Longmenshan Fault Zone (LFZ) is situated in Sichuan Province, western China, where the eastern edge of the Tibetan Plateau converges with the Sichuan Basin. It has an approximate northeast (NE)–southwest (SW) orientation, spanning 500 km in length and 30–50 km in width. The NE end intersects with the Qinling Fault Zone, while the SW section obliquely intersects the Xianshuihe Fault Zone. The LFZ boasts a complex geological structure, comprising four main faults; the Houshan, Zhongyang, Qianshan, and Shanqianyinfu faults, and the associated thrusts (Chen et al., 2007; Li et al., 2008; Yi et al., 2012; Chen et al., 2013; Yang et al., 2021). The LFZ is bounded by the Bayankala block in the west and the Sichuan Basin in the east. The landform contrast between the mountains and basin is strong, and the topographic elevation difference within 50 km is approximately 4,000 m is an orogenic belt with obvious variation of terrain gradient and tectonic stress concentration (Deng et al., 1994; Fu et al., 2008; Yan et al., 2014; Shi and Gao, 2010); however, the average shortening rate under long-term evolution is not significant (Clark and Royden, 2000; Burchfield et al., 2008; Wang et al., 2017). Owing to the collision and extrusion of the Eurasian and Indian Ocean plates have led to an arc-shaped Himalayan orogeny thrusting into the northeastern margin of the Tibetan Plateau (Molnar and Tapponnier, 1975; England and Houseman, 1986; England and Houseman, 1988; Harrison et al., 1992; Fu et al., 2008; Luo et al., 2019). This resulted in an eastward drift of the Tibetan Plateau, which encounters substantial obstruction from the South China Block (Teng et al., 2014), leading to intense activity and deformation of LFZ structure and Bayan Har Block (Xu et al., 2008; Xu et al., 2013), consequently generating multiple strong earthquakes (Deng et al., 1994; Yang et al., 1999). The LFZ has therefore emerged as a significant focal point for research.
Before 2008, there were few earthquakes with a magnitude of M7 or higher on the LFZ, and the intensity of seismic activity was significantly lower than that of the Xianshuihe Fault Zone (towards the west) and the Minjiang Fault Zone (towards the north). However, on 12 May 2008, the Wenchuan earthquake (M8.0) took place in the midsection of LFZ, which was historically recognized for its lower seismic intensity (Yi et al., 2012; Gong et al., 2020). This earthquake caused a unilateral rupture in the northeast direction (Xu et al., 2008; Xu et al., 2009; Xu et al., 2010), with an approximate length of 340 km along the Zhongyang and Shanqian faults (Zhang et al., 2009).
Several studies have investigated patterns in the crustal strain field based on drilling experiments in seismogenic structures to provide different explanations for the generation and interaction of the Wenchuan (M8.0) earthquake (Zhang et al., 2008; Chen et al., 2013; Li et al., 2013; Wu et al., 2015; Li et al., 2016; Ye et al., 2017; Zheng et al., 2017; Li et al., 2018; Xu et al., 2018). Subsequently, on 20 April 2013, 5 years after the Wenchuan earthquake, the Lushan (M7.0) earthquake occurred on a blind thrust fault of southern LFZ (Xu et al., 2013; Li et al., 2014). This earthquake caused a rupture that was approximately 30 km long (Xie et al., 2018). The aftershock sequence of the Lushan earthquake (Zhao et al., 2013; Liu et al., 2019) and stress field inversion of the focal mechanism (Ma et al., 2021) provided evidence for the process of surface rupture. Many seismologists believe that the 2008 Wenchuan (M8.0) earthquake influenced the subsequent Lushan (M7.0) earthquake (Du et al., 2013; Wang et al., 2013; Yi et al., 2016; Jia and Zhou, 2018; Duan et al., 2020), and there has been extensive debate regarding the possibility of strong earthquakes occurring in a 50–60-km seismic gap between the area of influence of the two earthquakes (Wan et al., 2017; Diao et al., 2018; Guo et al., 2020; Li et al., 2022). In addition, a M6.6 earthquake occurred on the Lintan–Tanchang Fault, at the junction of Min and Zhang Counties in Gansu Province, which may have also been affected by the Wenchuan (M8.0) earthquake in 2008 (Ge, 2013; Huang et al., 2019). On 22 November 2014, the Kangding (M6.3) earthquake occurred in the southern Xianshuihe Fault Zone at the intersection with LFZ (Yi et al., 2015), which was triggered by Wenchuan (M8.0) and Lushan (M7.0) earthquakes (Wang et al., 2016). On 8 August 2017, the Jiuzhaigou (M7.0) earthquake occurred between the Minjiang and Tazang faults in the Shuzheng Fault Zone which lies north of LFZ. Research on the seismogenic fault, coseismic deformation field, and stress and strain states of the Jiuzhaigou earthquake (Shan et al., 2017; Xu et al., 2017; Cheng et al., 2018; Jin et al., 2019) explains the influence of the Wenchuan (M8.0) earthquake (Huang et al., 2019). After the Jiuzhaigou (M7.0) earthquake, stress in the vicinity of LFZ was effectively alleviated; however, stress in the Xianshuihe Fault Zone became acutely concentrated, resulting in a heightened possibility of strong earthquakes (Li et al., 2018). Consequently, the M6.8 Luding earthquake occurred in the Xianshuihe Fault Zone on 5 September 2022 (Li et al., 2022).
In summary, the Wenchuan (M8.0) earthquake led to changes in the stress state near LFZ, which affected seismic activity in the region. Over a span of 15 years, the 6 significant earthquakes described above occurred in the vicinity of LFZ. This study investigates the mutual interactions and influences between these strong earthquakes, focusing on the stresses released by each seismic event.
Several methods have been employed to investigate the interactions among strong earthquakes near LFZ. These methods can be categorized as follows: 1) Coulomb stress transfer analysis, which examines stress changes in different media or faults induced by strong earthquakes (Wan et al., 2009; Wang et al., 2014; Wang et al., 2014; Jin et al., 2019; Jia, 2020); 2) numerical simulations that model regional stress changes based on various hypocenter models (Toda et al., 2008; Shi and Cao, 2010; Yi et al., 2013); 3) focal mechanism solutions, in association with GPS and InSAR inversion, to assess regional stress variations (Yi et al., 2012; 2015; 2017; Jiang et al., 2014; Huang et al., 2019; Meng et al., 2022); and 4) calculation of regional stress changes by analyzing the stress and strain fields released during earthquakes (Luo et al., 2011; Yang and Ma, 2011; Yang and Ma, 2012; Luo et al., 2014; Luo et al., 2015; Yang et al., 2017; Luo et al., 2019; Luo et al., 2023).
The first three methods involve inversion models for computing regional stress changes. While these methods are well-established, they rely on various assumptions that can yield inconsistent results regarding stress effects. Consequently, their effectiveness continues to be a controversial topic. In contrast, the fourth method is a relatively recent development with fewer documented applications. In the present study, this fourth method was applied, utilizing the stress released by earthquakes in the vicinity of LFZ as the independent variable. Additionally, the natural orthogonal function (Neha and Pasari, 2022) was applied to investigate the spatio-temporal variations in the regional strain field prior to the six powerful earthquakes with magnitudes ≥ M6.3 that have occurred since 2008. By identifying anomalous seismic activity preceding these events and analyzing the interactions and mutual influence among the earthquakes, this study offers new seismological insights into the seismic hazard and dynamic mechanisms of LFZ.
2 METHODS AND DATA
2.1 Methods
The natural orthogonal function (NOF) method is considered a cutting-edge tool for predicting, evaluating, and detecting small-scale, short-term, and long-term changes in datasets. This method is widely used in crustal deformation analysis and dimensionality reduction of data sets in seismological, climatic, and atmospheric sciences. Neha and Pasari, (2022) discusses the basic principles of the natural orthogonal function (EOF) method and its applications in various industries. Herein, we focus on how to use the natural orthogonal function method to extract temporal and spatial anomalies of seismic strain field before strong earthquakes.
The seismic strain field S, also called the natural orthogonal function expansion approach, was used to break down seismic strain (a random variable) into temporal and spatial functions (Luo et al., 2023). According to the intensity of seismic activity in the area, the strain field was constructed using the grid method for a particular study region.
The area was divided into [image: image] equal-area elements [image: image], with center coordinates of [image: image], and time interval [image: image] was selected. The observation time was divided into several [image: image] periods [image: image]. The derived and used as field function values reflecting the spatio-temporal coordinates [image: image] were set as the observed values for each area element in each time-period [image: image].
The release of seismic energy was symbolized by [image: image]. We considered the proportionality of the square root of seismic energy to seismic strain, i.e., [image: image] (Yang and Zhao, 2004), where c is the focal-related parameter of the earthquake in the study region and [image: image] is the seismic focal region cumulative strain parameter, where both parameters reflect changes in the focal region’s strain field. Following an evaluation of the area, the matrix form of the strain field function was established through [image: image] (Yang and Ma, 2016) and expressed as follows:
[image: image]
Similar seismic blocks were present in the Longmenshan fault zone, and the seismic focal-related parameter c was almost constant. The seismic strain filed, also called the field function, where [image: image] ([image: image]) is the [image: image]-th time-period and [image: image]-th grid of the cumulative seismic strain value. The natural orthogonal function expansion approach was conducted by dividing the matrix [image: image] into the summation of the products of orthogonal spatial function [image: image] and orthogonal temporal function [image: image] (Yang and Ma, 2016):
[image: image]
where [image: image] is a spatial function that does not change with time and [image: image] is a function of time that does not change in space. They satisfy the orthogonal and normalization conditions, respectively, as follows (Yang and Ma, 2016):
[image: image]
[image: image]
The corresponding covariance matrix [image: image] (Yang et al., 2017) characteristic equation is as follows:
[image: image]
The eigenvectors [image: image] and eigenvalues [image: image] ([image: image]) were obtained. Because the covariance matrix R is a real symmetric matrix, n eigenvalues are solved as positive real numbers. The physical meaning of the eigenvalues in this paper is to obtain the main strain field in the study area through a series of solutions. n eigenvalues correspond to n eigenvectors, which reflect the spatial characteristics of the strain field and are only spatial functions. The time factor of the strain field can be solved by the feature vector and the strain field, and the time-related anomalies of the seismic activity in the study area can be extracted by projection of the characteristics of the strain field over time.
The temporal factor of the strain field was expressed as (Yang and Ma, 2016):
[image: image]
The strain fields of eigenvectors [image: image] represent the spatial distribution of seismic strain constituting the field, and the temporal factor [image: image] represents the dynamic characteristics of the strain fields at different times. Due to the symmetry of the matrix, the eigenvalues obtained were positive real numbers, the eigenvalues were arranged from large to small, and the eigenvectors corresponding to t eigenvalues satisfy the accuracy of fitting the total strain field, indicating that the first t spatio-temporal variables of the strain field as the research object represent the spatio-temporal characteristics of the total strain field in the study area (the manuscript is the Longmenshan fault zone and its adjacent areas). The fitting accuracy of the first t eigenvalues was:
[image: image]
where [image: image] (Yang and Ma, 2016) represents the fitting acuracy of the strain field.
The biggest advantage of natural orthogonal function method was that it can extract the main strain fields with anomalies in the study area, which was equivalent to concentrating the main information of the strain fields in the study area in the first t strain fields, focusing on the study of the spatio-temporal anomalies of the first t strain fields, and eliminating the strain fields with no abnormalities or no obvious abnormal changes. The spatiotemporal anomalies of t main strain fields were studied to simplify complex problems.
2.2 Study objects and data sources
This study focused on six strong earthquakes that occurred in the vicinity of LFZ since 2008: the 2008 Wenchuan (M8.0) earthquake, 2013 Lushan (M7.0) earthquake, 2013 Min County–Zhang County (M6.6) earthquake, 2014 Kangding (M6.3) earthquake, 2017 Jiuzhaigou (M7.0) earthquake, and 2022 Luding (M6.8) earthquake (Figure 1). The focal mechanism solution data for these six earthquakes were mainly supplied by the US Geological Survey (USGS), and the earthquake catalog data for the study area were provided by the China Earthquake Networks Center (CENC). Since 1995, the b-values of small and medium earthquakes in the study area have been calculated, and the minimum complete magnitude was determined to be M2.0 (Yang et al., 2017; Luo et al., 2019). Considering that the probability of moderate or stronger earthquakes occurring is generally very low, and the release of seismic strain has a significant impact on the study area, a lower limit of M2.0 and an upper limit of M5.0 were selected for the earthquake magnitude range to ensure that the selected data fully reflected the contextual seismic activity in the region and the development of strong earthquake sources (Table 1). In principle, aftershocks were not deleted; however, for overlapping areas of impact between strong earthquakes, it was necessary to delete the aftershocks of the previous six earthquakes to avoid affecting the subsequent strong earthquake. For example, the study areas of the 2008 Wenchuan (M8.0) earthquake and 2013 Lushan (M7.0) earthquake partially overlapped; therefore, to study the seismic strain field before the Lushan earthquake, it employed the K-K theory (Luo et al., 2019) to delete the aftershocks of the Wenchuan (M8.0) earthquake.
[image: Figure 1]FIGURE 1 | Distribution of epicentre and mechanism of M≥6.3 earthquakes around the Longmenshan fault zone since 2008. Black lines represent fault. The white lines represent the boundary of the block, including the Qilian block, Ordos block, Chaidamu block, Bayan Har block, Chuandain block and Huanan block. The black circle in the lower right corner is the world topographic map. The yellow stars represent the epicentres of six earthquakes of magnitude M≥6.3, according to data from the China Earthquake Networks Center (CENC). Black source mechanism data from the United States Geological Survey (USGS).
TABLE 1 | Seismic data of six strong earthquakes around the Longmenshan fault zone since 2008.
[image: Table 1]2.3 Spatio-temporal extent of selected data
Two spatial statistical scales were selected for the six earthquakes. The first scale was for seismically active areas related to the strong earthquake hypocenters, referred to as the research area and set to be no less than 3° × 3° (Yang et al., 2017; Luo et al., 2023). The second scale was a smaller statistical unit used for calculating anomalies, known as the grid; its size was set at 0.5° × 0.5°. The rationale for selecting these two spatial regions was as follows. First, the statistical areas of different focal scales are associated with the size of the seismogenic structure. Mei, S. R. (1997) studied the long-term anomaly evolution process before three earthquakes of ≥ M7 in the North China Plain. They estimated the seismically active area to be within 400–500 km and found that it gradually reduced during the evolution process. They stated that the extent of the seismically active area in the 10 years before the earthquake was approximately 3°–4°. Based on this, a range of approximately 3° longitude and latitude around the epicenter of six earthquakes were selected as different study areas, making adjustments considering factors such as earthquake magnitude, the scale of the seismogenic structure, and the distribution of seismic activity. This selected range included both the stages of strengthening and weakening of seismic activity before an earthquake. When calculating the strain field of strong earthquakes, grids with equal intervals are utilized, and the grid size needs to reflect the anomaly characteristics of the regional strain field. If the grid is too dense, the distribution of the strain field will become fragmented, making it difficult to discern the main characteristics. Conversely, if the grid is too sparse, the anomaly characteristics of seismic activity will not be well reflected, leading to weakened anomaly differences and the loss of important anomaly information. Therefore, based on previous research (Luo et al., 2023), a grid unit of 0.5° × 0.5° was selected.
2.4 Computation procedure
The procedure for calculating the seismic strain field was as follows. Firstly, the area was divided into grid units of 0.5° × 0.5°. A time interval of a year and a sliding step of a month were used, ensuring that there was a minimum of 10 years’ worth of seismic data in the area. Secondly, the seismic strain field matrix S was constructed, and the covariance matrix R was solved to obtain the eigenvalues of the main strain field. Finally, using the aforementioned research method, the temporal factor and contours of the main strain field corresponding to the eigenvalues were calculated to analyze the relationships between anomalies and strong earthquakes.
3 RESULTS
3.1 Strain field temporal factor variation
In this study, the natural orthogonal function was used to calculate the strain field of the six strong earthquakes in the vicinity of LFZ that have occurred since 2008. When t is equal to 4, the first 4 strain fields have exceeded 80% of the total strain field. Before the 2013 Lushan (M7.0) earthquake, the strain field exceeded 92%, indicating that the anomaly information of the regional strain fields before these six strong earthquakes was concentrated in the first 4 main strain fields.
Table 2 shows the seismic strain field temporal factor before the six strong earthquakes, including calculation grids and time interval, time of anomaly for the first 4 strain field temporal factors, type of anomaly, mean-square-error, and accuracy as a proportion of the total fields. When the strain field temporal factor exceeded the mean square error before a strong earthquake, it was considered an anomaly (Luo et al., 2023). Anomalies were divided into long-term (2–10 years before the earthquake), medium-term (from 3 months to 2 years before the earthquake), short-term (1–3 months before the earthquake), and impending (several days before the earthquake).
TABLE 2 | Parameters of the strain field temporal factors of 6 Ms ≥6.3 earthquakes around the Longmenshan fault zone since 2008.
[image: Table 2]Figure 2 shows the temporal factors of the seismic strain before the six strong earthquakes in the vicinity of LFZ. The results show whether the increase or decrease in the temporal factors of the strain fields exceeded the mean square error. Before the 2008 Wenchuan (M8.0) earthquake, 2013 Lushan (M7.0) earthquake, and 2022 Luding (M6.8) earthquake, the regional strain field showed obvious short-term anomalies. Impending-earthquake anomalies appeared in the main strain field (T3) of the Wenchuan (M8.0) earthquake and the main strain field (T1) of the Lushan (M7.0) earthquake (Table 2). In 2013, before the Zhang County–Min County (M6.6) earthquake, there were medium-term anomalies in the strain field. Except for T4, the other three strain field anomalies were affected by the relatively large strain field anomaly of the Wenchuan (M8.0) earthquake. There were no short-term anomalies in the strain field before the 2014 Kangding (M6.3) earthquake or 2017 Jiuzhaigou (M7.0) earthquake. Medium-term anomalies were also affected by the Wenchuan (M8.0) earthquake.
[image: Figure 2]FIGURE 2 | Temporal factors of the first 4 strain fields of 6 M ≥6.3 earthquakes around the Longmenshan fault zone since 2008. The green dotted line represents the anomaly, the red line is the mean square error, the black arrow represents the magnitude of a M ≥6.3 earthquake. (A) 2008 Wenchuan (M8.0) earthquake; (B) 2013 Lushan (M7.0) earthquake; (C) 2013 Minxian-Zhangxian (M6.6) earthquake; (D) 2014 Kangding (M6.3) earthquake; (E) 2017 Jiuzhaigou (M7.0) earthquake; (F) 2022 Luding (M6.8) earthquake.
3.2 Interactions between strong earthquakes in the southern LFZ
According to Table 1, the study area of the 2008 Wenchuan (M8.0) earthquake was 30°–33.5°N and 101.5°–106.0°E; that of the 2013 Lushan (M7.0) earthquake was 29.5°–31.5°N N and 101.5°–106.0°E. These two study areas partially overlapped, but their temporal factor anomaly curves were different. Therefore, it was necessary to compare the differences in the strain field temporal factors between the two, and to determine whether there was any mutual influence between the earthquakes. A study area was selected to include both earthquakes (29.5°–33.5°N, 101.5°–106.5°E). The area of a strain field with a contour value (or absolute value) greater than 0.05 × 105 before a strong earthquake is considered to be an anomaly area (Luo, et al., 2019). Positive contours represent released strain and negative contours represent accumulated strain. Points where positive and negative contours intersect along large active faults are often the locations of future strong earthquakes (Luo, et al., 2023).
Figure 3A shows the strain field contour distribution before the 2008 Wenchuan (M8.0) earthquake (1 January 2000, to 11 May 2008). The anomaly areas were concentrated at 31.7°–32.7°N & 101.5°–102.3°E and 32.7°–33.5°N & 104.3°–105.3°E. These two areas were outside of the study area forthe Lushan (M7.0) earthquake, confirming that the four strain field temporal factor anomalies before the Lushan earthquake were not affected by the Wenchuan (M8.0) earthquake. The LFZ did not have notable contour anomalies, but the Wenchuan (M8.0) earthquake still occurred. Figure 3B shows the evolution of the strain field contours before the 2013 Lushan (M7.0) earthquake (1 January 2009, to 19 April 2013). The anomaly areas were concentrated at 29.5°–30.7°N & 101.5°–103.3°E and 31.5°–32.2°N & 103.3°–104.3°E. The 2013 Lushan (M7.0) earthquake occurred on the edge of the former anomaly area. Figure 3C shows the anomaly areas of the strain field spatial equivalent before the 2014 Kangding (M6.3) earthquake (1 January 2009, to 21 November 2014). After the Wenchuan (M8.0) and Lushan (M7.0) earthquakes, the area of strain field anomalies in the vicinity of where the Xianshuihe Fault Zone intersects with the LFZ increased, and the 2014 Kangding (M6.3) earthquake occurred in the high-value anomaly area. Figure 3D shows the contours of the strain field before the 2022 Luding (M6.8) earthquake (1 December 2014, to 4 September 2022). The anomaly areas are mainly concentrated at 29.5°–30.0°N and 102.0°–104.5°E. The Luding (M6.8) earthquake occurred on the edge of the anomaly area. These results indicate that since 2009, the southern section of LFZ, where it intersects with the Xianshuihe Fault Zone, has experienced high-value anomalies. The 2013 Lushan (M7.0) earthquake, 2014 Kangding (M6.3) earthquake, and 2022 Luding (M6.8) earthquake all occurred in this vicinity and were all affected by the 2008 Wenchuan (M8.0) earthquake.
[image: Figure 3]FIGURE 3 | Spatial isoline distribution of strain field before Wenchuan, Lushan, Kangding and Luding earthquakes. The gray line is the fault, the black line is the strain field contour line, negative value represents the accumulated strain and the positive value represents the released strain, the isoline value 0.1 represents 0.1 times 105. The yellow stars represents the epicenter of strong earthquake. (A) Strain field from 1 January 2000 to 11 May 2008; (B) Strain field from 1 January 2009 to 19 April 2013; (C) Strain field from 1 January 2009 to 21 November 2014; (D) Strain field from 1 January 2015 to 4 September 2022.
3.3 Interactions among strong earthquakes in the northern LFZ
As shown in Table 1, the study areas of the Wenchuan, Min-Zhang, and Jiuzhaigou earthquakes are different, but with small overlaps. A study area containing all three strong earthquakes (30.0°–36.5°N, 101.5°–106.5°E) was chosen to analyze the spatial evolution of seismic strain field anomalies. Figure 4A shows that in the period before the 2008 Wenchuan (M8.0) earthquake (1 January 2000, to 11 May 2008); seismic strain field contour anomalies were mainly concentrated in the eastern Kunlun Fault, with anomalies distributed in patches around the 34° north line. Special anomalies were concentrated at 33.0°–34.7°N and 103.8°–105.3°E, in the vicinity of the epicenters of the 2013 Min County–Zhang County (M6.6) and 2017 Jiuzhaigou (M7.0) earthquakes, indicating that anomalies formed decades before these strong earthquakes. There were no anomalies in the epicentral area of the Wenchuan (M8.0) earthquake, which is consistent with the results in Figure 4A.
[image: Figure 4]FIGURE 4 | Spatial isoline distribution of strain field before Wenchuan, Minxian-Zhangxian and Jiuzhaigou earthquakes. The gray line is the fault, the black line is the strain field contour line, negative value represents the accumulated strain and the positive value represents the released strain, the isoline value 0.1 represents 0.1 times 105. The yellow stars represents the epicenter of strong earthquake. (A) Strain field from 1 January 2000 to 11 May 2008; (B) Strain field from 1 January 2009 to 2 July 2013; (C) Strain field from 22 July 2013 to August 2017.
Figure 4B were the contour distribution of the strain field in the period before the 2013 Min County–Zhang County (M6.6) earthquake (1 January 2009, to 21 July 2013). It shows that the strain field anomalies after the Wenchuan earthquake were mainly concentrated in the area of 33.8°–35.2°N and 103.3°–104.7°E, except for LFZ. This area is also in the vicinity of the epicenters of 2013 Min County–Zhang County (M6.6) and 2017 Jiuzhaigou (M7.0) earthquakes. Before the Wenchuan earthquake, an anomaly area formed in this region. After the Wenchuan earthquake, anomalies increased significantly in this area. The more northerly location of the anomalies further indicated that the Wenchuan earthquake had a certain influence on the Min County–Zhang County and Jiuzhaigou earthquakes. Figure 4C shows the strain field contours before the 2017 Jiuzhaigou (M7.0) earthquake (22 July 2013, to 7 August 2017). After the 2013 Min County–Zhang County (M6.6) earthquake, regional strain field anomalies were mainly distributed in the northern central parts of LFZ and could have been related to the 2017 Jiuzhaigou (M7.0) earthquake. Comparing Figures 4A–C, the Wenchuan and Jiuzhaigou earthquakes were found to occur at the center of a ring of anomalies in the seismic strain field, with no anomalies in the vicinity of the epicenters, while the Min County–Zhang County earthquake occurred in the strain field anomaly area.
In summary, by studying the spatio-temporal evolution of the strain fields of six earthquakes in the vicinity of LFZ, the seismic strain field temporal factor anomalies were found to be closely related to contour anomalies. Controlled by regional tectonics and stress fields, seismic strain in fault zones is accumulated or released, resulting in changes in seismic strain field anomalies over time. The southern region of LFZ intersects with the Xianshuihe Fault Zone. The development and occurrence of the 2008 M8.0 Wenchuan and 2013 Lushan (M7.0) earthquakes inevitably restrained the Xianshuihe Fault Zone. This also explains the 2014 M6.3 Kangding and 2022 Luding (M6.8) earthquakes. The northern section of LFZ intersects with the Minjiang Fault, Huya Fault, and Wenxian Fault. The development of strong earthquakes on these faults will inevitably be mutually restraining and regulating, which explains the mutual influences of the 2008 Wenchuan (M8.0) earthquake, 2013 Min County–Zhang County (M6.6) earthquake, and 2017 Jiuzhaigou (M7.0) earthquake. This result is consistent with the b-value method (Yi et al., 2013; Liu and Pei, 2017) and Benioff strain method (Li et al., 2022) study the influence of stress and strain changes on strong earthquakes in the LFZ. Strong earthquakes occur around low b value and high stress, after strong earthquakes, the b value of the region recovers obviously and gradually increases. On the Benioff strain curve, the cumulative strain in the region rises obviously and the slope of the curve becomes larger within 1 year after the earthquake.
3.4 Comparison of NOF results with shear stress results of focal mechanism node
Based on previous research reports (Wang et al., 2015) on the zoning of the tectonic stress system in the vicinity of LFZ (Figure 5), the principal compressive stress direction in region I was northeastern, and the stress field parameters were compressive axis strike of 72°, inclination angle of 2°, long-axis strike of 304°, plunge of 87°, and stress shape factor R-value of 0.68. The principal compressive stress direction of region II was northwesterly, and the stress field parameters were a final axis strike of 103°, inclination angle of 8°, long-axis strike of 226°, plunge of 82°, and stress shape factor R-value of 0.76. Based on the stress field parameters of the two regions, and using focal mechanism and shear stress Method in Regional tectonic Stress Field (Wan, 2020), the relative shear stress of the two nodal planes of the focal mechanism solutions (from the USGS) of the 2013 Min County–Zhang County (M6.6) earthquake and 2017 Jiuzhaigou (M7.0) earthquake in region I were calculated (Figure 6A). The results show that the relative shear stress of the Min County–Zhang County earthquake was large, and the seismic stress was fully released; whereas, that of the Jiuzhaigou earthquake was small, and the seismic stress was not fully released. The relative shear stress of the two nodal planes of the focal mechanism solutions (from USGS) of the 2008 Wenchuan (M8.0) earthquake, 2013 Lushan (M7.0) earthquake, 2014 Kangding (M6.3) earthquake, and 2022 Luding (M6.8) earthquake in region II were calculated (Figure 6B). The results show that the relative shear stress of the Wenchuan and Lushan earthquakes were larger, and the seismic stress was fully released; as such, the risk of powerful earthquakes in LFZ was low. However, the relative shear stresses of the Kangding and Luding earthquakes were smaller, and the seismic stress was not fully released, resulting in an elevated risk of future events; 7 years after the Kangding (M6.3) earthquake, the 2022 Luding (M6.8) earthquake occurred ∼85 km away.
[image: Figure 5]FIGURE 5 | Zoning results of seismic tectonic stress field around the Longmenshan fault zone (Wang et al., 2015). The blue rose leaves represent the direction of the principal compressive stress in the 2° × 2° region. The red line frame represents the study area, where regionⅠcontains the Minxian-Zhangxian M6.6 earthquake and the Jiugouzhai (M7.0) earthquake, and region Ⅱ contains the Wenchuan (M8.0) earthquake, Lushan (M7.0) earthquake, Kangding (M6.3) earthquake and Luding (M6.8) earthquake. The yellow stars represent the epicenters of six earthquakes. Black lines show major faults. The purple lines represent the boundary of the block.
[image: Figure 6]FIGURE 6 | The shear stress result of the tectonic stress field around Longmen Mountain fault at the focal plane of strong earthquake. The abscissa is the strike of the focal mechanism, and the ordinate is the dip Angle. With 10° as the step length for both horizontal and vertical coordinates, theoretical numerical simulation focal mechanism solutions of different node surface shapes were divided. NS represented positive fault-and-strike slip type, SS represented strike slip type, NF represented positive fault-and-strike slip type, TS represented reverse fault-and-strike slip type, TF represented reverse fault-and-strike type, and U represented uncertain focal mechanism solutions. The background colors of the grid squares from black, grey to white represent the shear stress from small to large under the stress system. (A) The focal mechanism joint shear stress results in region I are compared with the USGS focal mechanism solutions for the Minxian-Zhangxian earthquake and the Jiuzhaigou earthquake. (B) The nodal shear stress results of the theoretical focal mechanism solution for region Ⅱ are compared with those of the USGS Wenchuan, Lushan, Kangding and Luding earthquakes.
In the vicinity of LFZ, the results of strain field obtained by natural orthogonal function (EOF) method are basically consistent with the results of shear stress generated by regional tectonic stress field at focal mechanism node. The 2008 Wenchuan (M8.0) earthquake and 2013 Lushan (M7.0) earthquake had larger shear stresses, and the seismic stress was fully released, which had significant impacts on surrounding tectonic fault stress. There were also notable medium-term and short-term temporal factor anomalies in the strain fields, and the contour anomaly areas were relatively large. Conversely, theKangding (M6.3) earthquake, Jiuzhaigou (M7.0) earthquake, and Luding (M6.8) earthquake had relatively smaller shear stresses, and the seismic stress was not fully released, creating a small impact on the surrounding tectonic fault stress. There were few short-term temporal factor anomalies, and the contour anomaly areas were relatively small.
4 DISCUSSION
4.1 Spatio-temporal anomalies of strain and frequency fields
The results of this study were compared with previous research on the frequency field of LFZ (Luo et al., 2023) to identify differences in spatial and temporal anomalies of the frequency and strain fields. Taking the 2008 Wenchuan (M8.0) earthquake as an example (Figure 7), the time intervals of the first 4 temporal factor anomalies were the same between the studies. The distribution of the temporal factors (i.e., which temporal factor the anomalies are distributed in) was the key difference. The central area of contour anomalies was largely similar, but the number of anomalies differs (Table 3). Before the 2008 Wenchuan (M8.0) earthquake, there were four central areas of high-value frequency field contour anomalies (Luo et al., 2023) and three centers of strain field contour anomalies. These three anomaly locations were all approximately the same distance from the center of the Wenchuan earthquake. The difference is that there was an anomaly area in the frequency field in the vicinity of the Wenchuan epicenter, but not in the strain field. In summary, a comparison of the spatial anomalies of the frequency and strain fields showed that they were largely consistent. However, temporal factor anomalies were easily identifiable in the strain field, and contour anomaly information was more comprehensive in the frequency field.
[image: Figure 7]FIGURE 7 | Temporal and spatial anomalies of frequency field and strain field before the 2008 Wenchuan (M8.0) earthquake. The pre-quake frequency-field of spatial contour anomalies distribution (A); The pre-quake strain-field of spatial contour anomalies distribution (B); The first 4 pre-quake frequency-field of temporal factors anomalies distribution (C); The first 4 pre-quake strain-field of temporal factors anomalies distribution (D).
TABLE 3 | Temporal and spatial anomalies of strain field and frequency field before the 2008 Wenchuan Ms 8.0 earthquake.
[image: Table 3]4.2 Reasons for anomalies
By comparing the frequency and strain fields (Figure 7), and searching the seismic catalog in the study area, the factors affecting spatio-temporal anomalies in the two fields were discovered to be different. Frequency field temporal factor changes fluctuated considerably, and anomalies were complex. The contour anomalies mainly had high gradients and dense distributions. This may be because the spatial and temporal anomalies in the frequency field were primarily affected by the occurrence of minor earthquakes in the region. Nevertheless, changes in the temporal factors of the strain fields were relatively systematic, with prominent anomalies. High-value strain field spatial and temporal anomalies were relatively sporadic. This may be because spatial and temporal anomalies in the strain field were primarily affected by moderate earthquakes. In summary, in this region, the frequency field was primarily affected by the frequency of M2–3 earthquakes, and the strain field was mainly affected by M4–5 foreshocks.
4.3 Orthogonal function as a forecasting tool
The identification of earthquake precursors is of great significance to earthquake forecasting. This study used the orthogonal function, which is commonly used in atmospheric and climate science (Lorenz, 1956; Obukhov, 1960), to identify strong earthquake precursors in the vicinity of LFZ for earthquake forecasting. Earthquake forecasting remains a contentious scientific issue. However, recently, significant progress is seen in medium-term and short-term seismicity-based forecasting techniques. The approaches can be divided into 7 physical process-based models and 10 smoothed seismicity-based models (Tiampo and Shcherbakov, 2012). The natural orthogonal function becomes 11 techniques to use the smoothed seismicity-based model. More earthquake forecasting information is provided in the spatially and temporally of strain field, but it is limited by the relatively short time of earthquake catalogs data. In order to evaluate the application of orthogonal function in earthquake prediction, it is necessary to accumulate seismic observation data over a long period.
5 CONCLUSION
In this study, the spatio-temporal anomalies of seismic strain fields were investigated before and after six strong earthquakes that have occurred since 2008 in the LFZ. Temporal factor anomalies were mainly concentrated in the first 4 strain fields. All the first 4 strain fields had medium- and long-term anomalies that was over the mean square error, and some temporal factors had short-term anomalies (For example, the Wenchuan M8.0 and Lushan M7.0 earthquakes). More anomaly components produced more reliable results. Areas at intersections of strain accumulation and strain release, or central areas surrounded by multiple high-value strain field anomalies, are often places where powerful earthquakes subsequently occur. The high value anomaly of strain contour is basically consistent with the high value of shear stress of regional tectonic stress field at the focal mechanism plane, which indicates that the orthogonal function method is more reliable in identifying anomalies before strong earthquakes.
Temporal factor anomalies in the strain fields appeared around 2008, and the strong earthquakes occurred several years later in the anomaly area of strain field contours. This indicates that the spatio-temporal anomalies in seismic strain fields of some strong earthquakes in the vicinity of LFZ were affected by the 2008 Wenchuan (M8.0) earthquake. Future research should analyze the impact of interactions in strain fields between powerful earthquakes.
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Indonesia 2010-09-2917:11:25 133.760 ~4.963 70 3,508 5 16
Banda Sea 2005-03-02 10:42:12 129.933 -6.527 71 3,575 6 17
Philippines 2012-08-31 12:47:33 | 126.638 10811 76 [ 1,401 [ 69 [ 18
New Caledonia 2018-12-05 04:18:08 169.427 -21.950 75 7,278 9 19
Maule 2010-02-27 06:34:11 ~72.898 -36.122 88 18,052 61 20
Japan 2013-10-25 17:10:19 144661 37.156 71 2,690 25 21
Indonesia 2000-06-04 16:28:26 102.087 | -4721 79 3,792 145 2
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Region ate M Fatalities

Sumatra-Andaman Islands (“Indian Ocean Disaster”) 26 December 2004 90 227,898

*Portau-Prince (Hait) 1 12 January 2010 73 222,570 )
Wenchuan (Sichuan, China) 12 May 2008 81 87,587 3
Kashmir (northern border India-Pakistan region) | 8 October 2005 77 87,351 2
Nurdag (Turkey) § Bbruary 2083 78(80) o 1)
Ekinozii (Turkey) 7.5(7.7) 1)
Bam (Iran) | 26 December 2003 66 | 26271 0
Bhuj (Gujarat, India) 26 January 2001 80 20,085 3
Off the Pacific coast of Tohoku (Japan) 11 March 2011 90 19,759+ 3
Bharatpur (Nepal) 25 April 2015 78 8,964 2
Yogyakarta (Java, Indonesia) 26 May 2006 63 5782 0
Sulawesi Island (Indonesia) | 28 September 2018 75 4,340 3
Southern Qinghii (China) 13 April 2010 70 2,968 2z
Boumerdes (Algeria) | 21 May 2003 68 2,266 2
Nippes (Haiti) | 14 August 2021 72 2,248 2
Nias Island (Indonesia) | 28 March 2005 86 1313 3
Padang (Southern Sumatra, Indonesia) 30 September 2009 75 L7 1
Hindu Kush (Afghanistan) 25 March 2002 61 1,000+ -1

Notes: The data on fatalities in the 2011 Tohoku mega-earthquake and tsunami include fatalities reported on 13 March 2019 by the Japanese National Police Agency. The data of fatalities of the
most recent couple of 06 February 2023 earthquakes in Turkey and Syria keeps growing. Al = Iy gyt — Ip asrap computed as in Kossobokov and Nekrasova (2010), (2012) and rounded to the
closest integer. The list is updated to the present from (https://en.wikipedia.org/wiki/Lists_of 21st-century_earthquakes).
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Date EQ Magnitude Depth of Abnormal  Abnormal Earthquake Abnormal Epicenter

location epicenter (7S] earthquake’s  frequency period occurrence duration margin of
magnitude location hypocenter after abnormal (<)) the
(km) disappearance earthquake
location
2008-05-19 Hunchun, 62 540 sf Before peak 56 Internal
Jilin
2008-06-10 Arong 52 0 5f After peak 47 N
Banner, Inner
Mongolia
20160102 Linkou 64 580 sf v 79 v
County,
Heilongjiang
2017-07-23 Songyuan, 49 10 sf After peak 42 v
Jilin
2018-05-28 Songyuan, 57 13 sf Before peak 4 v
Jilin
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Date Location of epicenter Magnitude Place  Disturbed days based Disturbed days based on
(Mw) on Dst (Doy) AE > 500 nT (Doy)
Year Doy Latitude Longitude
() ©)
1 2014 198 6042 ~14031 6 Zone B 190-191;193
2 2010 120 60.45 =177 6.5 Zone B 112-114;119
30 2006 | 142 6086 16581 66 Zone B 132-134;138-141
4 2006 | 110 6089 167.05 76 Zone B 100-109 100;103-108
5 2018 | 334 6149 ~150.02 i Zone B 329331
6 200 | 9 6227 171 64 Zone B 38
7 2002 | 307 6323 -144.89 78 Zone B 297-306 297-304306
8 | 2008 | 150 6392 -2117 63 Zone B 142-144;146,149
9 | 2000 169 63.99 ~2047 65 Zone B 160-165 159-160;162-168
10 200 173 6646 -1872 6 Zone B
11 2013 45 67.65 14251 6.7 Zone B 35;38-39:43-44
12 2008 | 174 67.71 14143 61 Zone B 167-170 166-170;172
13| 2018 | 224 6974 ~14478 64 Zone B 215219223
4201 | 29 7099 665 62 ZoneB | 19-20:28
15 | 2012 | 243 7144 ~9.84 67 Zone B 233,235-239
16 2018 | 313 7151 -1081 68 Zone B 309-312 308-312
17 2009 | 232 7222 084 6 Zone B 231
18 2012 | 145 7301 559 63 Zone B 137-144 135137:139;141;143-144
19 207 |8 7444 -92.06 61 Zone B 366:1-7
20 | 2000 | 188 7533 7249 6 Zone B 179-181
21| 2008 52 7702 1928 61 Zone B 42-4749-50
2 | 2000 65 8033 -232 65 Zone B 55558
23 | 2005 65 8493 98.69 63 Zone B 55 55-61:64
u oo 2u ~63.65 ~166.92 6 Zone C | 204-213 204-211213
25 | 2006 | 31 ~63.14 1697 6 Zone C 21-25 21-2428
2 | 2014 | 107 -6265 15543 62 Zone C 97;101-103
27 | 2013 15 -626 ~161.94 61 Zone C 13
28 | 2020 | 3% -6197 1549 61 Zone C 326-328330-334
29 | 2007 | 102 -61.72 1612 6 Zone C 92-94 92-94;100
30 | 2007 | 281 6156 15432 62 Zone C 271-274 271-276,278-279
31 2009 204 6131 15426 61 Zone C 194196;198;202-203
32 | 2006 | 232 -6127 -3452 7 Zone C 22 224229231
33 20m | 196 -61.12 -2285 6 Zone C 186-189 186-188;190-193;195
34| 2006 | 2 -61.12 -2139 74 Zone C 357-361 360-363;365
350 2013 | 196 6105 -2351 73 Zone C 187-195 186-195
36 | 2008 | 41 -61.05 -25.01 65 Zone C 33-36 31-3538
37 | 2007 | 118 -61.04 -2012 61 Zone C 113-117
| o1 306 -61.03 15388 6 ZoneC 296 296-301
39 | 2009 | 59 -61.03 -2439 63 Zone C 54-55,58
40 | 2014 70 -61.01 -19.92 64 Zone C 60-62 6069
41 | 2020 | 208 -60.97 -25.01 63 | zanec 198-199
42 | 2003 | 216 -60.8 -4321 76 Zone C 207-215 206-215
43| 2000 | 106 -60.71 -2655 67 Zone C 99-101
44 | 2012 | 283 ~60.65 153.39 66 Zone C 274-279,282 274-275,280,282
45 | 202 15 ~60.62 -56.47 66 Zone C 510
46 | 2019 | 239 ~60.54 -2582 66 Zone C 238
47 | 2013 | 321 ~60.49 -4532 78 Zone C 311-320 311;313-315319-320
48 | 2018 | 58 -60.23 150.18 6 Zone C 48-50;52-55:57
49 | 2000 64 -60.2 15021 63 Zone C. 61-63 54-5961-62
50 | 2009 | 300 ~60.05 -6554 6 Zone C 296-299 295-298
51| 2000 | 103 ~60.04 -2437 62 Zone C 93-102 94-102
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