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Abstract

:

This paper deals with the quantitative analysis of measured fracture-induced electromagnetic radiation (FEMR) near the Dead Sea Transform using the Angel-M1 instrument, which enables the recording of FEMR signals in a 3D manner. The results showed both the possibility of estimating the sizes of micro-fractures that are the sources of radiation and assessing the direction of the fractures’ locations to the measuring device, as well as the range of magnitude (Mw) of the impending “events” (EQs) associated with the FEMR measurements. Moreover, the relation between the measured FEMR activity (the number of FEMR hits per unit of time) and the FEMR event magnitudes showed consistency with the Gutenberg–Richter relationship for the region. Such measurements could therefore constitute a preliminary ‘field reinforcement’ towards a valid EMR method for a real earthquake forecast, which would provide much earlier warnings than seismic methods. The observed FEMR measurements could only be used to assess the stress concentrations and micro-fracturing in the region since they related to the very initial nucleation phase of a “virtual” earthquake. Nonetheless, they provide the necessary feasibility test for a forecasting method since all of the lab-measured FEMR features were confirmed in the field.






Keywords:


fracture-induced electromagnetic radiation (FEMR); FEMR field measurements; micro-fracturing; earthquakes












1. Introduction


It is well-known that the Eastern Mediterranean and the Near East have experienced many earthquakes (EQs) over hundreds of thousands of years [1]. For example, Jerusalem, Jericho, Ramle, Tiberias, and Nablus were heavily damaged in 1927, when approximately 300 houses collapsed and the Church of the Holy Sepulcher and the al-Aqsa Mosque were damaged. Written records of EQs in China and Japan date as far back as 3000 and 1600 years, respectively [2]. On average, 10,000 people die yearly from earthquakes [3]. During only one year (30 March 2022–30 March 2023), the Mediterranean region and areas in close vicinity were shaken by seven EQs of magnitude 6.0 or above (the biggest EQ of magnitude 7.8 took place in Central Turkey on 6 February 2023).



The view that “understanding how earthquakes occur is one of the most challenging questions in fault and earthquake mechanics” [4] is not an overstatement. Despite intensive research, including studying the acoustic emission process associated with micro-fracturing [5,6,7,8,9], many aspects of these phenomena are still unknown. It has been debated whether EQs begin as small dynamic instabilities that develop into larger fractures (the “cascade” model), as a slow but accelerating aseismic slip that eventually reaches a critical size and then develops into a failure (the “pre-slip” model), or a combination of the two models [10,11].



Thus far, no reliable method for early EQ forecasting has been found [12,13] using the common seismic measurements. It has been established that such an accurate early forecast cannot be achieved based only on seismic measurements due to the high attenuation of the high-frequency seismic waves emitted at this stage [14]. The two “so-called” existing types of seismic forecasts are either statistical ones, which provide only probabilistic predictions, or “alarm systems,” which start to operate only when EQs have already begun. The latter systems are based on the dual seismic waves emitted when an actual EQ process is fully initiated. These two waves have different speeds. The first (longitudinal) P-wave, which causes no harm, moves at a velocity of ~3–6 km/s, while the damage-causing transverse S-wave is slower (its speed is approximately ~2–3 km/s), depending on the rock’s mechanical properties. Thus, an alarm signal is obtained by measuring the P-wave arrival before that of the S-wave. Such an alarm is inherently brief. It depends on the receiver’s distance from the hypocenter and the pre-catastrophic appearance. For example, using the velocity values typical for granite rock (Vp ≈ 5 km/s and Vs ≈ 2.7 km/s), the difference between the first arrival of these waves will be K = (Vp − Vs)/(Vp × Vs) ≈ 0.17 s/km. Hence, people located 5 km from the hypocenter would have an approximately 0.85 s foreknowledge of the disaster, while even at 50 km, only a meager 8.5 s alarm is possible.



Over the past several decades, many precursors of EQs were targeted to build a reliable early EQ forecast, e.g., [15,16]. It has recently been accepted that one of these precursors, i.e., electromagnetic (EM) phenomena, does occur before an EQ, e.g., [17,18]. It does allow for the real-time monitoring of fracture evolution during mechanical loading from incredibly early stages of failure nucleation [19,20]. Moreover, the distribution of fracture electromagnetic radiation (FEMR) signals matched the Gutenberg–Richter and Benioff relationships, such as the acoustic emission relationships [21,22]. Here, we carried out FEMR measurements “in the field” to establish feasibility proof of such measurements on the road to creating an FEMR EQ forecasting scheme.



1.1. FEMR State of the Art


FEMR measurements have been conducted in various laboratory studies using a wide-frequency spectrum (from the kHz band to the MHz band), e.g., [21,22,23,24,25,26,27,28,29,30,31,32,33,34]. The results of studies performed before 2021 are reviewed in [35]. On the geophysical scale, FEMR has been recorded before significant EQs [36,37,38,39,40,41,42]. The timely increase in FEMR intensity was a common characteristic in both the lab medium and on the geophysical scale. For example, the application of the FEMR method was shown to be incredibly useful for assessing the intensity of stress levels [43,44,45,46,47,48,49,50] and stress directions in underground openings [51] and for locating landslide-prone zones [52]. Studies on FEMR for defining stress field orientations are quite rare [52,53,54,55,56,57], though they are highly interesting for understanding features of neotectonics and seismic activity near active faults. References [52,53,54,55,56,57] showed that the FEMR direction accurately reflects the stress distribution near active reverse-type faults. However, no measurements of the combined features of fault fracturing and its locations in the field exist.



The theoretical basis for such measurements was considered in [58], where the process before the macro-slipping along the existing fault was classified into three nucleation stages, namely, (a) when micro-cracking in the weaker in-filling material occurs, (b) when the breaking strength of the asperities is high and the plates’ dilation occurs, and (c) when the asperities break (the last stage before an actual earthquake).



Here, we present FEMR measurements conducted at the southern part of a strike-slip fault of the Syrian-African Transform (the Dead Sea Transform) focused on the possibility of extracting both the fracture and field properties from the sole description of the EMR pulses. This region was selected for study as it is the most seismically active area in Israel and even in relation to the entire Syrian-African Transform [59,60,61,62,63].




1.2. The Eilat Region: Geology, Faults, and the Locations of Measurement Stations


The measurements were conducted at three locations near the most southern Israeli city, Eilat (Figure 1). As noted above, this area is one of the most active seismic regions in Israel (Figure 2) [60]. The major geological structure in the Eilat area developed due to the tectonic activity associated with the rifting of the Red Sea and the Dead Sea Transforms [64]. The main faults, their branches, and the stress field in the region have been thoroughly described in various studies, e.g., [64,65,66,67]. All measurements were conducted at a distance of at least 2 km from the sources of artificial noise, including power lines, generators, and so on.



The EQs in this region are mainly associated with the southern part of the Syrian-African Transform fault and its active branches, which are shown schematically by the dashed lines in Figure 1.





2. FEMR Measurements Methodology in the Eilat Region


The Instrument and Method


The measurements were conducted using an ANGEL-M1 instrument manufactured by OAO VNIMI in Russia, which is an upgraded version of the ANGEL-M apparatus described in detail in [55,56,69]. It is a portable measuring device for FEMR recording in in situ and underground conditions in the frequency range 5–150 kHz. The difference between the upgraded version and that model used in references [55,56,57] is that the upgraded version has the ability to perform 3D measurements using three antennas simultaneously. Despite this apparatus being developed for mines and the frequency range being optimized for the goal of rock-burst warnings, it showed a high level of efficiency in various surface applications related to stress assessment at the geophysical scale [52,55,56,57]. We noted that the higher frequency of measurements correlated to the earlier stage of EQ preparation and vice versa.



Figure 3 shows an example of a measurement using the upgraded version of the instrument in Timna Park.



Before each measurement, the antennae were oriented to the up (channel 1), north (channel 2), and east (channel 3) directions. The duration of each measurement was 10 s, and 20 measurements were carried out at each location. The measured data were saved on the instruments’ hard disks and then downloaded to a PC for further processing. The original software package, Angel-Works, was used for the data filtering, while the data processing was completed using Origin software. The raw data, saved on the hard disk, were filtered, and individual pulses exceeding the average noise level by a factor of ~2.7 were examined. The methodology of the data analysis is presented in Section 3.





3. Results


We use our acquired analyzing lab methods [14,20,21,58,69,70,71] to obtain several conclusions about the fracturing process and its locations. Section 3.1 presents the obtained measurements, while the inferred results are presented in Section 3.2, Section 3.3, Section 3.4, Section 3.5 and Section 3.6.



3.1. The Results of the FEMR Measurements


Figure 4 portrays an example of a 10 s sequence of FEMR pulses after bandpass filtering (5–50 kHz) at Timna Park (Figure 1). It was seen that the signal-to-noise ratio for each FEMR signal was high enough for further signal analysis. The amplitudes of the FEMR pulses recorded in situ by the Angel-M1 instrument were 10–20 µVolt, which was consistent with former FEMR results measured in similar regions of tectonic faults [55,56,57]. The FEMR amplitudes were shown to be caused by rock micro-fracturing [55,56,57]. Figure 5 portrays a zoomed-in example of a typical FEMR impulse while Figure 6 shows its frequency spectrum. It is worthwhile to emphasize that the shape of the FEMR signal was identical to those described in our previous laboratory studies (e.g., [70]), proving the consistency of the present study with that of the studies performed in a laboratory.



We note that the number of FEMR pulses shown in Figure 4 was approximately nine (depending on the amplitude’s threshold). Some pulses in the eastern channel coincided in time with pulses in the northern channel (e.g., at 7 s, as shown in Figure 4a,b). This observation meant that while the fracturing events inducing the pulses were in different locations, they occurred mostly in a northeasterly direction (see below). The average rates of the FEMR pulses (calculated based on 20 records from each region) were 6.4 ± 2.8, 8.2 ± 3.3, and 12.3 ± 10.9 pulses/10 s for Timna Park, Shlomo Wadi, and the Park of Birds, respectively. We note that parts of the records had vertical components while all had vertical amplitudes that were significantly lower than the eastern and northern ones.




3.2. The Source Amplitude of the Electromagnetic Field of the FEMR Signals


Following [70], the source electric field amplitude inducing the EMR signals reaching the antenna from the granite samples when the antenna was in close vicinity to the source was calculated by:


  E =   3 ×   10  9     f  0.99 ± 0.04     ,  



(1)




where E is the EMR field amplitude in mV/m and f is the EMR frequency in Hz.



The measured EMR frequency of all the obtained EMR pulses (e.g., those shown in Figure 6) in the Eilat region was 15–20 kHz, yielding source electric field amplitudes of between 150 and 200 V/m. The amplitudes of the electric E0 and magnetic H0 fields are related via the following expression:


   E 0  =  H 0       μ 0     ε 0      ,  



(2)




where μ0 and ε0 are the values of the magnetic and dielectric permittivity of the free space, and the magnetic field amplitudes at the source are H0 ≈ 0.4–0.5 A/m.




3.3. Sources’ Distances


3.3.1. Attenuation Factor


The EMR field amplitude attenuation is given by [27]:


  E =  E 0   e  − α R   ,  



(3)




where the attenuation coefficient,   α ,   is given by:


  α = ω     μ ε  2      − 1 +   ( 1 +    (   σ  ω ε    )   2        ,  



(4)




where:


  ω = 2 π f ,  



(5)






  μ =  μ 0   (  1 + κ  )  = 4 π ×   10   − 7    (  1 + κ  )  H / m ,   and  



(6)






  ε =  ε 0   ε r  = 8.84 ×   10   − 12    ε r  F / m ,  



(7)




and where   κ   is the value of the magnetic susceptibility,  σ  is the value of the electrical conductivity, and    ε r    is the value of the dielectric permittivity. The measured values of these parameters in the Eilat region were as follows:   κ = 25  ,   σ =   10   − 5   S m  , and    ε r  = 5  , respectively, yielding   α = 3.2 ×   10   − 3     1/m.




3.3.2. FEMR Amplitudes at the Input of the Measuring Instrument and the Antenna Factor


As noted above, the electric field amplitudes of the FEMR pulses recorded in situ by the Angel-M1 instrument were 10–20 μVolt. The instrument’s gain was 18,000. Hence, the FEMR amplitudes reaching the instrument’s input from the antenna were of the order of (5–10) × 10−4 μV = (5–10) × 10−10 V.



The antenna factor (or correction factor,    A F   ) is defined as the ratio of the incident electromagnetic field    E  a n t _ i n p u t     to the output voltage   V   from the antenna and the output connector, and it is given by [72]:


   A F  = 20 L o g    E  a n t _ i n p u t      V  a n t   v o l t   o u t p u t     = 19.8 −  G  d B   − 20 L o g λ = 19.8 −  G  d B   − 20 L o g  c  f    ε r      ≈ − 80 d B / m ,  



(8)




where    G  d B     is the antenna gain,  λ  is the length of the EM wave, c is the speed of light,  f  is the frequency of the FEMR signal, and    ε r    is the dielectric permittivity.



Equation (5) yields the following:    E  a n t _ i n p u t   =   10   − 4   V = ∼  (  5 − 10  )  ×     10   − 14   V  m  .  



Therefore, according to Equation (3), the distance from the crack source to the antenna location (so-called “hypocenter” distance) can be evaluated as:


  R =  (  1 / α  )  L n  (     E 0     E  a n  t  i n p u t        )  ≈ 5   km .  











We note that this estimation was performed for the FEMR signals propagating through granite rock.





3.4. Crack Dimensions


Crack lengths and crack widths are related to FEMR signal parameters via two relationships [27,70,71], as follows:


   {      b =    V R    2 f         l = V c r ×   T ′       ,  



(9)




where   l   and   b   are the crack length and width, respectively (m);   V c r   and    V R    are the crack and Rayleigh wave speeds, respectively (m/s); and   T ′   is the time from the FEMR origin until the maximum of the FEMR signal envelope.



Using the values of the Rayleigh wave and the crack speeds of the order of 2600 m/s and 2340 m/s [58], respectively, yields the following value for the crack width:   b = 5 – 10    cm   , and it also yields the following crack length (based on the estimated value of T′ of the order of 50–150 μs)  : l = 10 – 35    cm   .



Our previous estimation [58] showed that such crack dimensions correspond to seismic moment values of M0 ≈ 105 Nm, and based on the diagram developed in Ref. [73], the seismic moment magnitude of a (virtual) impending EQ is of the order of Mw ≈ (−3) to (−4).




3.5. The FEMR Source Direction


The 3D electric field emitted by the crack source of the FEMR is given by:


  E  =  E 1    x    ^  +  E 2   y ^  +  E 3   z ^  .   



(10)







Its amplitude is calculated as follows:


   ∥ E ∥  =    (   E 1 2  +  E 2 2  +  E 3 2   )    .  



(11)







The amplitude was measured by the Angel-M1 instrument, while the indexes 1, 2, and 3 refer to the north, east, and up directions, respectively.



We thus defined the following:


   c o s   α =    E 1    ∥ E ∥     ,   c o s   β =    E 2    ∥ E ∥     ,   c o s   γ =    E 3    ∥ E ∥     .   



(12)







The values of these cosines were calculated from the respective amplitudes obtained by the three antennas in accordance with Equation (12), yielding the following directions from the different source locations to the measuring devices calculated on the basis of the average of 20 records in each measurement position:




	
Wadi Shlomo: 4–7° from the east and 83–86° from the north



	
Birds Park: 14–62° from the east and 28–76° from the north



	
Timna Park: 10–40° from the east and 60–80° from the north








Figure 7 shows the locations of the measurement points with superimposed rose diagrams of the FEMR directions to the signals’ sources.



It is seen that the directions to the FEMR sources clearly corresponded to the locations of the main active faults in the region (Figure 7). The amplitudes of the FEMR signals in the up and down antennas were quite low, indicating that the radiation from all locations was in the horizontal plane.



In summary, it was seen that the FEMR records in all three locations pointed in the direction of the Syrian-African fault.




3.6. The FEMR Activity


FEMR activity is defined as the number of FEMR signals per unit of time [69]. As noted above, the measurements were carried out during 10 s intervals, and the estimated magnitudes of the FEMR signals were of Mw ≈ (−3) to (−4). The methodology of the FEMR processing is presented in detail in [14], including accurate filtering and considering only those FEMRs of the specific characteristic shape. In addition, only those signals that exceeded the average noise level by a factor of Euler’s number (~2.7) were taken for further analysis.



It is known [60] that during a period of 30 years in Israel, 15,856 EQs occurred with the magnitudes Mw ≈ 0.5, implying that there were approximately 500 EQs per year with magnitudes larger than 0.5. Considering that changes in the magnitude of one unit mean a change in the number of events by a factor of 10, it can be estimated that the number of events with a magnitude of the order Mw ≈ (−3)–(−4) can be of the order of 1.5 × (106–107) per year or 0.5–5 events each 10 s. The analysis of the FEMR data showed that the average levels of FEMR activity (calculated based on 20 records from each region) measured by the Angel-M1 instrument for every 10 s of recording were 6.4 ± 2.8, 8.2 ± 3.3, and 12.3 ± 10.9 pulses/10 s for Timna Park, Shlomo Wadi, and the Park of Birds, respectively. The measured values agreed with the above estimates. The minimal FEMR activity was measured in Timna Park, approximately 3 km from the Syrian-African Transform. In contrast, the largest activity was measured in the Park of Birds, located within the boundaries of the Transform itself.





4. Discussion


Seismic global methods, such as the MOWLAS (Monitoring of Waves on Land and Seafloor) in Japan [74], are valuable assets for monitoring and understanding the nature of earthquakes and tsunamis. They can also be used for statistical estimates of EQ forecasting. Such statistical methods are termed “Probabilistic earthquake forecasts” [75]. Other schemes, e.g., machine learning (ML) methods for the experimental monitoring of water-level variations in wells and geomagnetic and tidal time series [76], are also used in such forecasts. However, only probabilities (and no warnings) before an actual catastrophe can be gathered from them.



There have been recent FEMR signals measured before EQs, mainly in the Athens Basin, Greece [77,78,79,80]. Baron et al. [81] conducted a six-month operation to measure FEMR signals in the Obir Cave in the eastern Alps to extract the relevant signals to create EQ predictions from them.



Methods using multidisciplinary precursors [82] or AI approaches to learn the relevant signals (see, e.g., [83]) have been promoted. These procedures, which can be valuable in EQ prediction, may use the present pulse shapes based on the cracks’ features as guiding elements.



We advocate the use of an FEMR method for real warnings, and the present measurements constitute a step forward in validating this technique, showing both the feasibility of these measurements and the ability to extract a myriad of quantitative facts (see enumeration a–f below) regarding the stress and possible pre-quake fault situation. We note that measurements of the FEMR phenomena carried out previously only focused on the magnitude and frequency of the pulses’ appearance, while the present study was the first one to use our lab experience, based on the actual shape of the pulses, to extract all these features.



The FEMR measurements were conducted near Eilat City, one of the most active seismic regions in Israel. Regarding the area’s seismicity, it is mainly associated with the activity of the Dead Sea Transform and its branches. Our investigation was carried out using 3D antennae (5–150 kHz) in three locations. The obtained results, based on lab-developed analyzing methods, showed that:




	
The range of micro-fracture lengths associated with the FEMR parameters was between 5–30 cm.



	
The amplitude of the FEMR field at the source (micro-fracture) was assessed to be of the order of 150–200 V/m (0.4–0.5 A/m).



	
The amplitude of the FEMR field at the input of the recording antennae was estimated to be of the order of ≈10–13–10–14 V/m (H ≈ 10–16 A/m).



	
The distance between the antennae and the FEMR signals’ sources was assessed to be of the order of 5 km, while their azimuth of ≈5–60° to the east indicated that the sources of the FEMR were, indeed, within the zone of the Dead Sea Transform.



	
The range of the Mw magnitudes of the impending “EQs” associated with the micro-fractures was shown to be of the order of −4 to −3, implying that they were created during an early period of micro-earthquake nucleation.



	
Conclusion (e) was also confirmed by comparing the FEMR activities (the number of FEMR hits per unit of time) and the associated FEMR magnitudes with the Gutenberg–Richter relationship in the region.









5. Conclusions


The results of this study were entirely consistent with our previous laboratory studies and show the feasibility of using FEMR measurements for early earthquake forecasting. Rock fracture characteristics are easily obtainable from the detailed features and shapes of the measured signals and, specifically, the magnitudes of the approaching EQs. Therefore, these results establish the feasibility of using FEMR measurements for early earthquake forecasting. More field experiments are necessary for complete validation, especially experiments preceding actual large EQs.
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Figure 1. (a) The three locations of the FEMR measurements taken in the vicinity of Eilat superimposed on the combined fragments of the geological maps of the Timna (sheet 25-IV) and Eilat (sheet 26-I, II) regions [68]. The dashed lines show the locations of the main strike-slip faults [63]. TP, ShW, and BP mark the locations of the three measurement stations in Timna Park, Shlomo Wadi, and the Park of Birds, respectively. (b) The legend for (a). 
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Figure 2. EQ epicenters near Eilat city, modified from [60], where the X and Y axes are in the New Israeli Coordinate System. The scale is in meters. 
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Figure 3. FEMR acquisition in Timna Park. 
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Figure 4. The FEMR pulse sequences recorded in Timna Park (a), the east direction, (b) the north direction, and (c) the up direction. For the statistics of the FEMR impulses, see Section 3.1. 
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Figure 5. An example of a single FEMR pulse measured near Eilat city (the northern component, channel 2). 
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Figure 6. The spectrum amplitude of the FEMR pulse shown in Figure 5. 
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Figure 7. The directions to the FEMR sources, the X and Y axes, are in the New Israeli Coordinate System. The scale is in meters. 
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