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Abstract: Seismo-electromagnetic (EM) signatures recorded in geomagnetic data, prior to earthquake, has
the potential to reveal pre-earthquake processes in focal zones. The present study analyses the vertical
component of geomagnetic field data from Mar 2019 to Apr 2020 using fractal and multifractal approach
to identify the EM signatures in Campbell Bay (CBY), a seismically active region of Andaman and Nicobar.
The significant enhancements in monofractal dimension and spectrum width components of multifractal
highlights the complex nature of the geomagnetic field caused due to interference of high frequency EM
emissions during pre-earthquake processes around the West Andaman Fault (WAF) and Andaman Trench
(AT) due to micro fracturing and associated deformations. Further, significant enhancements in holder
exponents, components of multifractal, highlight the complex nature of geomagnetic field due to
interference of less correlated, smooth, and low frequency EM field, indicating that pre-earthquake
processes on the Seulimeum Strand (SS) fault may be due to electrokinetic processes. Thus, the mono
fractal, spectrum width, and holder exponent parameter reveals different nature of pre-earthquake processes
which can be identified on an average of 10, 12, and 20 days prior to the moderate earthquakes within a

radius of 60 km, which holds promise of short -term earthquake prediction.
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The existence of precursory signatures prior to an earthquake is a hotly debated topic among researchers
across the globe. Several convincing evidences of gas exhalations, variations in groundwater level,
temperature variations, fluctuations in the electric and magnetic fields, etc., (Scholz et al., 1973; Rikitake,
1975; Crampin et al., 1980; Bella et al., 1995; Virk et al., 2001; Chadha et al., 2008; Koizumi et al., 2004;
Liu et al., 2006; Ouzounov et al., 2007; Panda et al., 1996, 2007; Sethumadhav et al., 2010; Hayakawa and
Molchanov, 2004), tilts the scale in favor of detectable signatures of pre-earthquake phenomena.
Heterogeneous lithospheric material under strain undergoes micro-fracturing, which causes the polarization
of charges, which in turn leads to generation of electromagnetic emission and acousto-gravity waves
(Molchanov and Hayakawa, 1995). It has been postulated that most crustal rocks contain dormant electronic
charge carriers in the form of peroxy defects, which are released under critical stress levels and flow out of
the stressed sub volume as an electric current, which generates magnetic field variations and low frequency
EM emissions ( Freund and Sornette, 2007). When they reach the Earth’s surface, they lead to ionization
of air at the ground—air interface (Hayakawa et al., 1996), leading to small disturbances in the local
geomagnetic field. Observations of electromagnetic emissions prior to earthquake in frequency ranges
from DC, ultra-low frequency, very low frequency, electromagnetic pulses, and very high frequency
(Bulusu et al., 2023; Conti et al., 2021; Han et al., 2016; Hattori et al., 2013a; Hayakawa et al., 1999, 1996;
Johnston et al., 1984) have been reported by many researchers. Presence of precursory signatures in the
ULF range have been extensively studied for earthquakes of M>=7, such as Biak, Spitak, Loma Prieta,
Guam, Chi-Chi, Chiapas etc., (Fraser - Smith et al., 1990; Hattori et al., 2004b; Hayakawa et al., 2000,
1999; Ida et al., 2008; Kopytenko et al., 1993; Molchanov et al., 1992; Smirnova et al., 2013; Stanica and
Stanica, 2019; Yen et al., 2004); the ULF range has received more attention as they experience less

attenuation and are more likely to reach the Earth’s surface and geomagnetic recording station. Hayakawa
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et al. (2005) have examined the 3-component data from the same station to identify the anomalous
signatures in the polarization ratio of the ULF geomagnetic signal and the diurnal ratio of the Z component
for these moderate earthquakes and found a correlatable pattern of these signatures with earthquake
occurrence in 75% of the events. This encouraged a deeper investigation into the possible causes of these
patterns.

Identification of the geomagnetic anomalies, which are associated with lithospheric processes is a
contentious issue. These variations must be uniquely identified, which are distinct from the expressions of
magnetospheric-ionospheric processes due to interaction with the solar wind. The most preferred signal
processing techniques in previous studies are polarization ratio analysis, diurnal ratio, principal component
analysis, singular value decomposition, mono-fractal, and multifractal analysis (Bulusu et al., 2023; Gotoh
et al., 2002; Hattori et al., 2004b; Hayakawa et al., 2007, 2005, 1999; Rawat et al., 2016). These signal
processing techniques have shown promising results in different cases such as central frequency of 0.01 Hz
of non-overlapping window of night time data studied by Han et al. (2015), Hattori et al. (2013b), and Xu
et al. (2013), using filtered diurnal signal (using db5 wavelet function) of target station and reference
station; Han et al. (2015) have studied diurnal ratio of electric as well as magnetic fields along with
polarization ratio of magnetic field of night time data in the ULF range, and Heavlin et al. (2022) studied
the signal from a dense network of stations using linear discrimination analysis (LDA) in frequency range
0.001-25 Hz.

The Andaman-Nicobar region lies in the northern part of the Sumatra subduction zone, where the Indian
plate is thrusting under the Burma microplate (Gahalaut et al., 2013; Meng et al., 2012; Yang et al., 2017).
Persistent tectonic activity is observed here along three major faults, i.e. West Andaman Fault (WAF), Aceh

Strands (AS), and Seulimeum Strands (SS). Some of the major earthquakes along these faults have led to
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huge losses of life and property and continue to be a worrisome source of mega-scale hazards. During Mar-
2019 to Apr-2020, 63 moderate earthquakes of M >=4.5 occurred in the vicinity of the geomagnetic station
installed by CSIR-NGRI at Campbell Bay (CBY) in Great Nicobar (Figure 1). The property of Self
Organized Critically (SOC) of earthquakes provides the motivation to study the fractal characteristics of
the geomagnetic time series to decipher the nature of the anomalous signatures in the data (Bak et al., 1988;
Hayakawa et al., 1999). Nature’s behavior in form of biological, physical, geophysical parameters exhibits
complex behavior, the details of which can be studied through long range correlations of non-linear patterns.
This non-linear behavior exists differently in different field of knowledge such as space plasmas
(Szczepaniak et al., 2008; Borovsky and Valdivia, 2018) and earthquakes (Telesca et al., 2005; Rahimi et
al., 2022) in geophysical systems and nonlinear waves (Shen and Tian, 2021; Gao et al., 2021) or
multifractality (Barabasi and Vicsek, 1992; Kantelhardt et al., 2002) in mathematical systems. These natural
processes are self critically organized and often follow power law relation, which can facilitate the
extraction of information of undergoing processes. The fractal and multifractal formalism in time or space
domain has efficacy to delineate the complexity of such natural processes. The concept of fractals is used
to characterize the properties of geometrical objects and later introduced to characterize the self-affine time
series data following power law behavior (Mandelbrot and Van Neiss, 1968; Dimri, 2005). In recent years,
the fractal method has become a popular tool in characterization of complexity of dynamic evolution of
several type of natural processes including complex behavior of seismicity. The spatial distribution of
earthquakes shows fractal behavior, wherein the fractal dimension can give an idea of heterogeneities of
geological compositions and degree of fracturing of rocks (Pasten and Orrego, 2023). Apart from that,
fractals also describe the characteristics of seismic events such as frequency, sequence, and time-scale of

seismic events, which assist in earthquake forecasting. Fractal method aid the study of the complex nature
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of Earth system and can be used to extract more insights of seismicity and its relation to tectonic forces
(Molchan and Kronrod, 2009; Bhattacharya and Manna., 2007). Fractal method is being applied to study
local geomagnetic field patterns in order to comprehend the complex dynamics of crustal caused by
impending earthquakes (Gotoh et al., 2004; Currenti et al., 2005; Ida et al., 2005). In the case of the Guam
earthquake, 1993, a significant change in scaling exponent prior to the event is found (Hayakawa et al.,
1999). A similar behavior of scaling exponent was also observed prior to the Biak earthquake in 1996
(Hayakawa et al., 2000). Fractal nature is tested with different approaches (Higuchi, 1988); the Higuchi
method provides more consistent and reliable fractal dimension value for the study of fractal behavior of
ULF signal (Hattori et al., 2004a; Gotoh et al., 2003; Smirnova et al., 2004). Further, multifractal techniques

can better represent the different sources of the signals associated with seismicity (Turcotte, 1989).

In this study, we will use nighttime Z-component geomagnetic signal as it is more sensitive to changes in
local EM emissions, which are likely to be generated by microfracturing and associated lithospheric
deformation. We propose to compute the fractal and multifractal dimensions of the data to extract signatures
of more intense perturbations of the signal represented by higher fractal dimension values. The anomalous
EM emissions can be correlated with earthquake events in search of pre-earthquake signatures. The
earthquake catalog (Table T1) of the study region is adopted from the International Seismological Centre
(ISC) with M>= 4.5 and epicenter within 250 km radius of recording station. 63 earthquakes are recorded

from 31 March 2019 to 24 April 2020.
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Figure 1. Bathymetry map of Andaman-Nicobar subduction zone including Sumatran Fault System; i.e.
Seulimeum Strand, West Andaman Fault and Andaman Trench (modified after Cochran 2010; E. Anusha
et al.,, 2020). The circles are representing the earthquake’s location and magnitude (size of circle)

correspond to each fault system.
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2. Methodological Approach

It is proposed to apply both fractal and multifractal approaches to the Z component time series, to distinguish
between the different source characteristics and examine their relationship to earthquake parameters. The Z-
component of 1 Hz geomagnetic signal analyzed because it is more prone to sense or affected by the local EM

field from lithospheric deformation in which vertical components are dominated.

(1) Fractal behavior of Z-component for one-day data using Higuchi is tested and examined.
Gotoh et al. (2003) tested different methods for estimation of fractal dimension of geomagnetic
signal and suggested that the fractal dimension value using Higuchi method, provided in equation
as below, is more reliable and consistent than others. In Higuchi method, a time series x(n)

decomposed in to time series of different length x;*, defined as:

xptx(m), x(m + k), x(m + 2k), ... ....x(m + (NT_k) k) (1)

Where, nis 1,2 ,3 ...N, mis 1,2,3...k, and k is 1,...., k;4. The average length of decomposed

time series L,, (k) computed at interval of time from k = 1 to k,,,,, are related to each other as:
L(k) o< k=/p (ii)
Where, fp is fractal dimension and equal to the slope of fitted line over log(L(k)) VETsus log( 1/ k)'

Application of Higuchi method on one day nighttime (22:00-02:00 LT) Z-component of geomagnetic

signal of 3 April 2019, is shown in Figure 2.
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Figure 2. The linear fitting over log of average length and log of size of time interval (scale) showing the

power law nature of geomagnetic signal.

(i1) Muzy et al. (1994) proposed an approach for multifractal analysis based on discrete wavelet or
wavelet leader. In this approach, the local suprema f;, obtained from discrete wavelet
coefficients (Jaffard et al., 2006; Wendt et al., 2008) at dyadic scales, where, k is translation
parameter, i is scale, and the position in time for dyadic interval is 2‘k. The local suprema of
wavelet coefficients f; , obtained at dyadic scale, assist to compute the multiresolution structure

function S, (q, i) for computation of global holder exponent (Serrano and Figliola, 2009) i.e.

5(q,0) ~ (21)"@ (iii)
Where, i is scale, qis moment and 7(q) is scaling exponent. The scaling exponent follows power

law relation can be estimated by following relation
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The spectrum of holder exponent derived from multifractal formalism using legendry function

7(q) = liminf
-0

which leads to (Serrano and Figliola, 2009).

Where «a is global holder exponent and f(a) is function of global holder exponent. The degree of
intermittency or multifractality is defined by multifractal or singularity spectrum i.e. A a = Qg —
Amin- Larger width of multifractal spectrum indicates larger multifractality or intermittency, and vice-
versa. The width of multifractal spectrum h,, (from -gq to + q) indicates the overall degree of
multifractality of signal. The spectrum width h,,,, ( ¢ > 0) and h,,,, ( g < 0) indicates the weaker and
stronger singularity of multifractal signal. The h,,q,-hnin curve defines the average fluctuations
embedded in the signal while h(0) represents the zero-order exponent or monofractal dimension
(Hayakawa et al., 1999). Similarly, f,,4, define the exponent which occurred maximum number of times.

Application of multifractal on one-day nighttime (22:00-02:00 LT) Z-component of geomagnetic signal

log(Sx.(q, 1))

log(2")

f(a) = inf(1 —t(q) + a(q) * q)

of 3 April 2019, is shown in Figure 3.
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Figure 3. The multifractal analysis for 1800 samples of 3™ April 2019, where (a) The variation of holder 185
exponent (h) with moment order q in range of -15 to +15 showing as h,,;,,, hmax, and h(0). (b) Multifractal 186
spectrum showing the width of spectrum h,,, h,,, and h,,,. 187
188

(1)  The high correlated values measured from fractal, is reason to select the Higuchi method, while for 189
multifractal, wavelet leader is selected due to contact support for wide range of g (-qto+q) and 19
stability for scaling function for negative q values compared to other techniques. From fractal, the power 191

law behaviour, and from multifractal, the finite width of multifractal spectrum and variation in holder 192
exponent indicates the fractal and multifractal nature of signal, respectively. 193

(i1)  The fractal dimension f}, of the total duration of Z-component data is calculated for consecutive time 194
windows of 30 min to trace the variations of the fractal dimension, producing eight values for each day. 195

The choice of a 30 min time window (consisting of 1800 data points) is based on the balance between 19

the stability of fluctuations in fractal dimension and minimizing loss of information after trials with 15 197

min and 1 hr. time windows. 198
(iii) Similarly, the spectrum width parameter (h,,, h,,,,, and h,,,) and holder exponent parameter A, 199
Romin and, h(0) estimated for the total length of Z component from window of 30 minute to identify 200
the degree of singularity or complexity (global, weaker, and stronger) as well as degree of fluctuations 201
with respect to amplitude (from smaller to larger). The shorter fluctuations in fractal dimensions are 202
smoothed by applying a 15-day moving mean. 203

(iv) The increments in fractal dimension and multifractal parameter (spectrum width and holder exponent) 204
value greater than the threshold value (4 + o) are considered as a significant increment as evidence of 205

existence of EM signatures from lithospheric deformation. 206



3. Results

3.1 Monofractal analysis
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Figure 4. (a) Temporal variation of fractal dimension estimated from Higuchi method (15 days moving
mean) of Z-component of geomagnetic signal. (b) The time line earthquake occurrences in same duration
of geomagnetic signal.

The temporal variations in f, of vertical component of geomagnetic signal are shown in Figure 4a; f,
greater than the threshold value 1.35 (defined by p + o ) are indicated by grey color rectangles. The
increasing fractal dimension values are directly proportional to increasing degree of complexity of signal.
A synthetic test (supplementary document) of fractal dimension on fraction Brownian motion signals (fBm)
with Hurst exponent 02, 0.4, and 0.5 i.e. monofractal signal with increasing degree of complexity (Figure
S1) shows higher fractal dimension values (from Higuchi method, Figure S2) for lesser Hurst exponent
signal. Moreover, combination of all three signal i.e. multifractal signal shows smaller fractal dimension
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values indicates that multifractal signal can’t be characterized in detail using monofractal dimension. Thus,
the observed enhancements in f, of geomagnetic signal are considered as increasing complexity from EM
signatures caused by impending earthquakes. These enhanced values possibly represent the additional
complexity in the signal caused by pre-earthquake microfracturing. The temporal location of enhanced
fractal dimension values and their correlations with forthcoming earthquakes are summarized in Table T2.
For the earthquake swarm of 1-18 Apr, 2019, and the three earthquakes of 16 & 17t May, 2019, no
preceding or coinciding enhancements are recorded. Two phases of enhancements during 12-13 and 16-19
Jun, 2019 occur prior to earthquake of 19" Jun, 2019 (M=4.6 of focal depth of 35 km, along the WAF with
epicentral distance of 60 km). The enhancements during 20-26 Jun, and 29 Jun-2 Jul 2019 occur before the
dual earthquakes of 9-Jul, 2019 (M=4.5-fd 80 km-epicenter distance 185 km along SS fault; M=4.5-fd 22
km epicenter distance 156 km along WAF). No enhancements beyond threshold value are recorded prior
to the very shallow 10 km depth earthquake of 21 Aug (M=4.8) with epicenter 219 km away along the
WAF. During Sept and Oct, 2019 neither earthquakes nor enhanced fractal dimensions are observed. Three
earthquakes occurred in November, two on 17" and one on the 20", all on the SS fault. They were of M
5.1, 4.5, 4.7 respectively at shallow focal depths and corresponding epicenters at 60, 91, 78 km from
recording site. These events are preceded by a long duration enhancement in fractal dimension from 6-15
Nov. In December, three earthquakes occurred on 19", 24" and 30™ of magnitudes 4.5, 5, 5 respectively on
the WAF, AT and SS faults respectively. The earthquakes of 19™ Dec of focal depth 43 km and despite
large epicentral distance of 212 km from recording site, was preceded by a large amplitude and long
duration enhancement of fractal dimension 1-14 Dec; for the next two earthquakes of focal depths 23 and
104 km and corresponding epicentral distances of 173 and 67 km minor enhancements were observed
during 18-23 Dec and 26-28 Dec. For the three earthquakes of Jan 2020, the M 4.5 shallow earthquake of
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6" Jan with epicentral distance >200 km, no enhancements are observed. The earthquakes of 22" and 28™
Jan occurred. No earthquakes were recorded in Feb 2020 and no anomalous enhancements are observed.
During March 19" and 24" there were two shallow M=4.5 earthquakes with epicentral distances more than
200 km along the SS and AT respectively. During 20-22 Apr, a small enhancement is observed, the
succeeding earthquake in not included in present catalogue.

3.2 Multifractal analysis

The holder exponent curve and multifractal spectrum width are calculated for the same data of 3™ April,
2019 for the 30 min interval 22:00 — 22:30 LT, with 1800 data points. The large variation in Hurst exponent
against moment order q (Figure 4a) and wide width of multifractal spectrum of geomagnetic time series
(Figure 4b) indicate the multifractal nature of geomagnetic signal. The multifractal behavior of a signal is
generally characterized by the width of multifractal spectrum (h,,) as well as spectrum width hy,,
correspond to —q to 0 and h,,, correspond to +q to 0 also assist in characterizing the specific nature of the
geomagnetic signal (Figure 4). Apart from spectrum width parameter, holder exponent parameters, such as
Ronin> Rmax»> R(0), and f;,,4, are also useful to characterize the nature of pre-earthquake geomagnetic signal
(Figure 4).

3.2.1 Multifractal spectrum width

The width of multifractal spectrum deciphers the nature of complexity of analyzed signal; higher spectrum
width indicates larger degree of heterogeneity. A synthetic test of multifractal spectrum on fraction
Brownian motion signals (fBm) with Hurst exponents 02, 0.4, and 0.5 show increasing width of multifractal
spectrum respectively (Figure S3). Moreover, the multifractal spectrum width of combined signal show
highest values, indicating increasing nature of complexity, which was not accurately determined by the
monofractal dimension. The width of multifractal spectrum (h,,,, h,,, and h,,,,) of a sliding window of 1800
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data points (half an hour) without overlapping is computed for whole time series of vertical component of
Z-component (Figure 5). The 15-day moving mean of variation in spectrum width of multifractal spectrum
shows significant variations in the range of 0.09 to 0.26. Enhancements greater than threshold value (u +
o) are considered as an anomaly in fractal dimension; . Enhancement in at least one of the components h,,,,
hwpand h,, is considered as significant perturbation of the geomagnetic signal (Figure 5). The
enhancements in h,,, h,,,, and h,,, components with corresponding earthquakes is summarized in Table T3.
For the earthquake swarm of 31 Mar-18 Apr, 2019 (moderate magnitude 4.5-5.3, shallow focal depth 15-
30km, and epicentral distance 50-100 km), a preceding enhancement (in h,,, h,,, and h,,) component
occurred during 17-22 Mar, 2019. The significant enhancement during 14 May (in h,, component), 14-15
and 17-20 May, 2019 (in h,,,, component) and 29Apr-5 May, 2019 (in h,,, component) are partly common
to each other and occurred prior, co and post of earthquake 16" and 17" May, 2019 (moderate magnitude
(4.5-4.8), focal depth (10-27.4), and epicentral distance (58-71)). The two sets of enhancement during 22-
25 May, 2019 and 4-22 Jun, 2019 (in h,, and h,,,,) and one persistence enhancement during 8-22 Jun, 2019
occurred prior to earthquake 19 Jun, 2019 (M 4.6, focal depth 60 km, and epicentral distance 60 km). the
enhancement in common duration 30-9" Jul, 2019 (different duration of persistence) and no enhancement
in h,,,,, component occurred prior to two earthquakes 9™ Jul, 2019 at two different locations with moderate
magnitude (4.5), moderate and shallow focal depth (80 and 22 km) and large epicentral distance (185 and
156 km). The common enhancement during 17-19" Jul, 2019 in h,, and h,,,, component (not same duration
of persistence) occurred prior to earthquake on 21% Aug, 2019 (M 4.8, focal depth 10 km, and large
epicentral distance 219 km). the common enhancements during 9-15 Oct, 2019, 7-10" Nov, 2019, in h,,
and h,,,, component, 11-12% Nov in h,,, and 2-3, 12-14" Nov, 2019 in hyp, component occurred prior to
earthquake 17" and 20™ Nov, 2019 with moderate magnitude (4.7-5.1), focal depth (10-25 km), and

13

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294



epicentral distance (60-91 km). Further, the four-earthquake occurred during December, 2019 and 1% week

of Jan, 2020 is not (moderate magnitude, moderate focal depth, and moderate to large epicentral distances)

preceded by any significant enhancement in components of multifractal width parameter. The common

enhancements during 16-20 Jan, 2020 in h,, and h,,,, component occurred prior to earthquake 227 (M 4.6,

focal depth 100km, and epicentral distance 77) and 28" Jan, 2020 (M 4.9, focal depth 24km, and epicentral

distance 204 km). Further, the two-earthquake event of May-2020 (moderate magnitude, shallow focal

depth, and large epicentral distance) is not preceded by any enhancement in components of multifractal

width parameter.
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Figure 5. Temporal variation in spectrum width h,,, h,,, and h,,,, from top panel and anomalous behavior
are highlighted by grey color. The bottom panel showing the occurrences of earthquake with magnitude
(size of circle) and corresponding faults (different color). Top four panel showing the detail view of Jun

2019 month.

3.2.2 Holder Exponent

The holder exponent parameters (Ry,qx, imin, £(0), and f;,,4x ), used for defining the multifractal spectrum
curve also show significant variations in the amplitude; again enhancements greater than threshold value
(1.0082, 0.4626, 0.5873, 0.3612) are treated as significant (Figure 6). The enhancements in R4, Rimin,

h(0), and f,,,,, components with corresponding earthquakes are summarized in Table T4.
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Figure 6. Temporal variation in holder exponent parameters i.€. frax Armaxs Rmax and Ry from top panel

and anomalous behaviour are highlighted by grey colour. The bottom panel showing the occurrences of

earthquake with magnitude (size of circle) and corresponding faults with different color.

The common enhancements during 2-18 April, 2019 in all components of holder exponent coincide with
the swarm of earthquake 31 18" April, 2019 with moderate magnitude, moderate focal depth, and
moderate to large epicentral distance. The next common enhancements are noted during 6-14 May, 2019
in all components of holder exponent prior to the three earthquakes (moderate magnitude, focal depth and
epicentral distance), one 16" May, 2019, and two 17" May, 2019. For the same earthquakes two small co
and post seismic enhancements are noted in f,« component during 17-19 May, 2019. The small
enhancement in only fua during 20-21 May, 2019 is preceded by the earthquake 19" Jun, 2019 with
moderate magnitude, focal depth, and epicentral distances. Further, the two-earthquake event of 9" July
with moderate magnitude, epicentral distance, large epicentral distance and different location is not
preceded by enhancements in any component of holder exponent. Two small enhancements during 15-16
Jul, and 6 Aug, 2019 in f;,,4,, component and two small enhancements in h,,;, during 6 Aug, 2019 occurred
prior to the earthquake 21 Aug, 2019. The two enhancements common in all components but different
durations, one small during 26 Sep-50ct, 2019 and persistence during 16 Oct-24 Nov, 2019 occurred prior
as well as coincident and post three earthquakes. Two of them were at similar location 17" Nov, 2019 and
one at a different location 20™ Nov, 2019 with moderate magnitude, shallow to very shallow earthquake,
and moderate epicentral distance. Further, the three-earthquake occurred in December, 2019, the first two
with moderate magnitude and focal depth and large epicentral distance and third with moderate magnitude,
large focal depth, and moderate epicentral distance are not preceded by enhancement in any component of
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holder exponent. The next small enhancement in h,,,, component only during 3-8 Jan, 20020 is coincident
with earthquake of 06 Jan, 2020 (mod. Magnitude, mod. Focal depth, and large epicentral distance) and
preceded by two earthquakes on 22 and 28" Jan, 2020 (with moderate magnitude, moderate and large focal
depth; large and moderate epicentral distance).

For the earthquake swarm of 31 March, 2019 and early April, the spectrum width shows a small
enhancement during 17-20™ March, that is 12 days prior to the earthquake cluster, which have magnitudes
between 4.5 to 5.3 and occur in a small region along the SS fault. There is no enhancement of the Holder
exponent. For the intermittent earthquakes in mid-April, there is no signal in the spectrum width but the
Holder exponent shows a consistent enhance during 3-10 April, a week before the main cluster. In early
May, upto 5%, h,,,,, shows an enhancement; the pattern is mimicked in the Holder exponent without crossing
the threshold value. Small anomalous enhancements 12-14" May on the h,,,, hwp and h,, of spectrum
width, just prior to the moderate earthquakes on 16" and 17" May. The holder exponent exhibits a longer,
more consistent enhancement during 7-14™ May, fnax shows a co-seismic anomaly on 17-19 May, followed
by anomalies on 20-21 May. Post seismic perturbations are also noted in the spectrum width. For the M4.6
earthquakes of 19" June, long duration anomalies are seen in spectrum width but not in Holder exponent.
For the dual earthquakes on 9 July, pre and post seismic anomalies are seen in spectrum width; only one
anomaly is seen in Holder exponent during 14-16 June. There is no significant multifractal anomaly for the
21 Aug, very shallow earthquake. In October 2019, significant repeated anomalies are observed in Holder
exponent right till Nov, 2019. In the second half of Jan and much of February, there are several individual
earthquakes; no significant enhancement is observed for any of them. A short enhancement can be noted in
11-14 April, which would be indicative of a future event.

3.3 Combined result of monofractal and multifractal analysis
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Figures 4, 5, and 6, show that all the components from monofractal and multifractal, have different response 356

for each earthquake, indicating different characteristics of signal, which can be used as indicator of pre- 357
earthquake processes in the focal zone of earthquake. In this regard, we have characterized the 358
enhancements of components in three types of patterns: (i) present in only monofractal component, (ii) 359
present in only multifractal components, and (ii1) present in monofractal as well as in multifractal 360
component. The significant enhancement from both parameter (monofractal and multifractal) with 361
corresponding earthquake from figure 4, 5, and 6 is summarized in Figure 7. 362

363
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Figure 7. The components of significant enhancement with corresponding earthquakes from (a) Higuchi  3s1

fractal dimension, (b) Spectrum width, and (c) Holder exponent. 382
From Figure 7 it is evident that the Higuchi fractal dimension from monofractal analysis exhibits significant 383
enhancements corresponding to earthquake 56, 57, and 58, while there are no enhancements in multifractal 384
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component correspond to same earthquake. Furthermore, there are significant enhancements in multifractal
components correspond to the earthquake 1-45 (swarm of earthquake), 46, 47/48, 52, 62, and 63, while
there are no enhancements in monofractal component (or Higuchi fractal dimension). It is also noted that
the earthquake 1-45, 46, 47/48 exhibit to all component of spectrum width (h,,,, h,,,, and h,,) and holder
exponent f,ax, Pmax Rmin, and h(0), while for earthquake 52 (h,, hyn, Rmin, AN frax)s 62 (Rpay), and
63 (hpqx) all components of multifractal parameters are not present. Similarly, the significant
enhancements correspond to earthquakes 49, 50/51, 53/54, 55, 59, 60, and 61 observed in monofractal as
well as multifractal components, but not in all components of multifractal. From multifractal parameters it
is also noted that, h,, component of spectrum width is present in each enhancement, h,,,, component is
present with each except for the 49, 50/51, and 52 earthquakes. Similarly, enhancements in f,,,, along with
spectrum width 4, is present for all the earthquakes except 53/54, 55, 60, 61. Significant enhancements for
days where the Kp index is greater than 3 and Dst index smaller than -50 have been identified and removed
from the study, although such short duration effects are diminished considerably after averaging of each
component with 15 day moving mean (Figure 8). An additional component of diurnal ratio is also appended
for correlation with monofractal and multifractal components, which is also treated with criteria of

planetary index (figure 8).
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Figure 8. Temporal variation of (a) Higuchi fractal dimension, (b) spectrum width component of
multifractal width parameter, (c) fmax component, and (d) hmax component after removing the data
correspond to (f) Kp>3 and (g) Dst < -50.

Therefore, from multifractal analysis, hy,, Ay, and frq, components, and Higuchi fractal dimension from
monofractal parameter has traced all the significant signatures corresponding to the seismogenic activity in
the earthquake. The month-wise analysis from Mar-2019 to April -2020 of each component preferred for
detail analysis of enhancements shown in Figure S4-S17. From the total duration of analysis, we have
selected two quiet days 25" May and 3™ Aug — 2019 and shown the geomagnetic field variation on
corresponding date (figure S18), in which first is showing quite disturbed signatures (also showing high
multifractal values) compare to second (showing smaller multifractal values). This suggests that the
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disturbance in geomagnetic field on the quiet day 25" May, 2019 is highly possible due to interference of 414

EM fields. 415
Discussion: 416
We examine the combined observations of signatures from monofractal or Higuchi fractal dimension (fp) 417
and multifractal components (h,,, by a0 and f,4x) along with diurnal ratio to unravel a linked pattern, which 418
can be interpreted as related to earthquake processes (Figure 9). A swarm of earthquakes (1-45 as per our 419
catalogue) along the SS fault occurred around the first week of April 2019. The data is available from 15 420
March and no anomalies were identified in the Diurnal ratio; hence it was concluded that data length was 421
insufficient (Prajapati and Arora, 2024). While no anomalies were detected in the f},, distinct enhancements 422
are noted in the Spectrum width 14 days prior to the beginning of the swarm. Co-seismic fmax over the 423
entire duration and muted h,,,,,, enhancements are noted during 2-18 April and 2-10 April respectively. 424

For the moderate magnitude, shallow focus earthquakes 46, 47, 48, clustered close together during mid-June 425
2019, Diurnal ratio shows a significant enhancement 50 days before the events, whereas no anomalies are 426
recorded in f5. Enhancements in both hmax and fmax start 11 and 9 days before the events and continue co- 427

seismically. 428
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Earthquake 49 on 19 June 2019 was of moderate magnitude, moderate focal depth and moderate epicentral
distance on the WAF. It is preceded by small enhancement in Diurnal ratio 22 days before, f;, 7 days prior
and continues co-seismically. Spectrum width enhancement starts 15 days prior to event, which continues co-
seismically, there are no signatures in R, 4, OF frax-

The dual earthquakes 50 and 51, occurred soon after 49, at large epicentral distances on the WAF (shallow
focal depth) and on the SS (deep focal depth) in opposite directions to the recording station. Diurnal ratio
shows a significant anomaly 16 days prior to the event, accompanied by slight increase in f;, 19 days before.
Mild perturbations are also observed in Spectrum width 9-4 days before the events.

The earthquake 52 is similar to 49, with shallower focal depth and very large epicentral distance of 219 km
on the WAF. It is preceded by enhancement in Diurnal ratio is seen 14 days before, no signatures are seen in
any other parameter.

The earthquakes 53, 54, 55 on 17 and 20 Nov 2019, occur along the SS fault with moderate epicentral distances
and shallow focal depth; 53 has magnitude of 5. They are preceded by two phases of small enhancements in
Diurnal ratio 21 and 3 days before the earthquakes, continuing to co-seismic signatures. Enhancements in
hmax continue to co-seismic signatures. Signatures in h,, are very muted, f, shows significant enhancement
2 days prior to the earthquakes.

Earthquakes 56-63 are individual events, from end of 2019 to first quarter of 2020, separated by several days
to weeks intervals in between. Earthquake 56 has very large epicentral distance, also occurring on the WAF
like earthquake 52, but with a focal depth of 43 km. This is followed by 57, which is a M=5 earthquake at
very shallow focal depth, at large epicentral distance on the AT. 58 occurred on Dec 30, 2019, an M=5 event
on the SS fault with large focal depth and moderate epicentral distance. The events are preceded by a
significant enhancement in fj, but no other signatures. With only one station, it is not possible to construct an
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earthquake-anomaly link for this scenario. The cluster of 53-54-55, for which signatures are noted in Diurnal
ratio, fp, and h,y,q,, occurred in a closer duration period, on the same SS fault at moderate epicentral distances
and are also at shallow focal depth. The earthquake 59 is of moderate magnitude, shallow focal depth but large
epicentral distance on the WAF. Curiously, a co- and post seismic enhancement in diurnal ratio is the sole
signature for this event. For the earthquakes 60 (large focal depth and moderate epicentral distance on the
WAF) and 61 (shallow focal depth and large epicentral distance on the AT), co-seismic enhancement in
diurnal ratio is accompanied by similar enhancement in f;,. Earthquakes 62 (moderate magnitude, shallow
focal depth and large epicentral distance on the AT) and 63 (moderate magnitude, shallow focal depth and
large epicentral distance also on the AT), no preceding signatures are observed on any of the parameters.
However, a distinct post seismic increase in diurnal ratio is noted.

In April 2020, enhancements in h,, during 10-14 April and Diurnal ratio during 10-24 April are observed.
Several research articles are available (Hayakawa et al., 1999; Gotoh et al., 2003; Ida et al., 2012) to study the
behavior of geomagnetic signal using non-linear signal processing techniques such as monofractal and
multifractal in context of EM field generated from local sources due to seismogenic activity. Hayakawa et al.
(1999) have analysis on H, D, and Z component of ULF geomagnetic signal recorded at 65 km from the
epicenter of Guam earthquake with M8 occurred on 8™ Oct, 1993 at focal depth of around 60 km carried using
fractal (spectral method) and Hurst exponent analysis (rescaled scaled range R/S method). They inferred that
decreasing value of slope (f) from 2.5 to ~1 before the earthquake, which can be considered as an indicator
of SOC, where f ~1.1 is critical value prior to the earthquake. However, no significant changes observed in
Hurst exponent by R/S analysis. The large-scale variation and decrease in ULF spectrum slope (or increase in
fractal dimension) means increase high frequency fluctuations is a proxy measure of small-scale fractal
structure cause by active microfracturing process followed by generation of seismogenic ULF emission. In
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our study, we have also noticed the increase in fractal dimension atleast 10 days prior to the earthquake (49,50-
51,53-55, and 60-61) with moderate magnitude (4.5<M>5.1), shallow and moderate focal depth (35, 51,14,
and 62km), as well as small, moderate, and large epicentral distance (60, 170, 76, and 140km). The increasing
fractal dimension before the earthquakes are suggests the microfracturing process in Earth’s crust to be the
cause of generation and emission of EM field in the vicinity of recording station.

Gotoh et al. (2003) have analyzed the ULF geomagnetic data recorded at three stations on Izu peninsula,
Japan, where a nearby strong earthquake swarm started from 26, June to August 2000 with magnitude upto
6.5. An eruption of volcanic also started simultaneously in Miyakejima Island. Izu region on Philippine plate
is under tensile stress and seismically very active because of subduction of Pacific plate at Nankai and Sagami
Troughs (Uyeda et al., 2002). The monofractal dimension of the H component shows an increase a week
before the earthquake. In present study, we have analyzed Z-component instead of H-component, because
recent studies suggested that Z-component is more sensitive for EM fields generated from local sources. In
our study we did not find any significant signature of enhanced fractal dimension of Z component one week
prior to a swarm of 45 earthquakes from 31-Mar to 18-April, 2019, however an enhancement in spectrum
width parameter (h,,), 10 days before the swarm activity started.

Further, (Ida et al., 2005) carried out the multifractal analysis on H component of geomagnetic signal recorded
at 65 km from the epicenter of Guam earthquake occurred on 8 Oct, 1993 at focal depth of around 60 km. A
westward movement of the Pacific plate and its subduction under Philippine plate triggered the Guam
earthquake (Ms 8.0) at shallow dipping subduction zone with a strike slip fault along the trench (Harris, 1993).
Ida et al. (2005) found significant changes in the multifractal parameters of Holder exponent and spectrum
width (@min, Amax> W, B, fmaxs @ (fmax), and Dy, for ¢ < 0,q > 0, and q = 0). The observation of 9 days
running mean of spectrum width w and a,,,, shows clear and significant variation 30 days prior to the
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earthquake. In our analysis of multifractal parameters from moderate subduction zone earthquakes, with focal
depth in range of 10-30 km, the 15-day running mean of Spectrum width and Holder exponent show significant
enhancements 12 and 20 days prior to those earthquakes, which occurred close in time as a cluster (1-45, 47-
48, 50-51, 53-55). This difference in pattern may be due to the large differences in magnitude of the studied
earthquakes.

Ida et al. (2012) analyzed the fractal dimension (estimated by Higuchi method) of ULF data recorded at Kashi
station, China, approximately for four years (Mar, 2003 to Dec, 2006), in which several moderate earthquakes
occurred (greater than 5.0 and close to 6) at epicentral distances of 100 to 125, including one earthquake at
approximately 300 km. The region is seismically very active due to relative movement of plates along SAF
fault (normal fault) is locally dominant in the area (He et al., 2015). Ida et al. (2012) applied the criterion of
u + 20 to define the significant variations of the fractal dimension and reported decrease in the Z component
for two earthquakes (M 5.7 and M 5.4) while earthquakes with magnitude greater than 5 did not show any
signature. The enhancement in f}, is interpreted as indication of dominance of high frequency component and
decrease in f; as dominance of low frequency component, which may correlate with the high frequency
mechanism like micro-fracturing and slow processes like electrokinetic effect respectively. Potirakis et al.
(2017) has analyzed geomagnetic data (H, D, and Z) at station Kakioka (KAK) at epicentral distance of 300
km from Tohoku earthquake (M 9.0) of 11 March, 2011. The earthquake was caused by the rupture of a stretch
of the subduction zone associated with the Japan Trench, which separates the Eurasian Plate from the
subducting Pacific Plate. The data analyzed using DFA and Higuchi method, observed a significant decrease
in spectral exponent (using DFA) and corresponding increase in fractal dimension (using Higuchi method) 5-
6 months prior to the large magnitude Tohoku earthquake. In our study, we have found significant
enhancements with the criterion of u + o, producing pre-seismic increases in f, for multiple earthquake
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occurrences (50-51, 53-55) with 4.6<M=5 and either shallow focal depth or small epicentral distance, 19 and
11 days before the earthquakes.

In our work, we have applied both mono and multifractal analysis to the geomagnetic Z component data, the
differences in the trends of the fractal parameters reveal interesting inferences (Table 1). We have defined
four clusters of the earthquakes under study (1-45, 47-48, 50-51, 53-55). There are 10 earthquakes, which
occurred as single events. For the single events 52, 56-63 (4.5<M<5.0), which are characterized by either large
focal depth (>100 km) or large epicentral distance (~200 km), signatures in multifractal parameters. We infer
that the EM fields from such moderate magnitude and large epicentral distance earthquakes are too weak to
detect by multifractal and diurnal ratio approach (Prajapati and Arora., under review). For the same single
events (with focal depth >100km or epicentral distance ~200 km), we observed that enhancements in f,
corresponding to earthquakes 56,57,58, 60, and 61 while the earthquake 52, 59, 62, 63 are not correspond to
any pre-co or post enhancements in f, parameter. The significant enhancement corresponds to 5 events out of
9, including two co-seismic signature (60 and 61) indicate the greater efficacy of f, parameter than
multifractal parameter for single events with focal depth >100km or epicentral distance ~200 km. The
earthquake 52 is associated with an increase in the Diurnal ratio 13 days in advance. The single event 49 is
characterized by moderate focal depth and epicentral distance, which is associated with co-seismic
enhancements in fj,, pre-seismic signatures in h,, (7 days prior) and diurnal ratio (15 days prior).

The clusters, on the other hand, produce prominent signatures in the multifractal parameters. The first cluster
(1-45) has signature in h,, (14 days prior) and a co-seismic enhancement in fmax. The second cluster (47-48)
has signatures in fy,,45, himayr and diurnal ratio, 9, 9, 13 days prior to event respectively. The third cluster (50-
51) at a larger epicentral distance of 165 km, has signatures in f}, h,, and diurnal ratio 19, 9, 19 days prior to
event respectively. The fourth cluster (53-55) includes earthquakes of M=5.1 and the events are at shallow
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focal depth and small-to-moderate epicentral distances produce signatures in f; and all the multifractal

parameters as well as diurnal ratio.

The combined observation from fractal (mono and multifractal) and diurnal ratio (Table 1) clearly indicates
that the fractal parameters exhibit significant enhancement associated with 10 earthquakes (including co-
seismic signatures), while significant enhancements in diurnal ratio are correlated with nine earthquakes out

of ten (including two post-seismic signatures).

Table 1: The following table summarizes the earthquake and its characteristics presence (Y) or absence (-) of

potential enhancements in monofractal (f;) and multifractal (h,,, fmax, Pmax) cOmponents and diurnal ratio.

Focal Epicentral
EQ. Depth Distance | Single (S)
No. | Magnitude | (Km) (Km) [Cluster (C) | fp | hy, | fimax | Rmax | Diurnal
ratio
1-45 - Moderate | Moderate C - Y Co- - -
46-48 | Moderate Moderate | Moderate C - - Y Y Y
49 Moderate Moderate | Moderate S Co- | Y - - Y
50-51 | Moderate Shallow/ Large C Y Y - - Post-
Large
52 Moderate Shallow Large S - - - - Y
53-54-
55 Large Shallow Small C Y Y Y Y Y
56 Moderate Moderate | Large S Y - - - -
57 Large Shallow Large S Y - - - -
58 Large Large Mod S Y - - - -
59 Moderate Shallow Large S - - - - Y
60 Moderate Large Moderate S Co- | - - - Y
61 Moderate Shallow Large S Co- | - - - Y
62 Moderate Shallow Large S - - - - -
63 Moderate Shallow Large S - - - - post
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According to Ida et al. (2012), significant enhancements in fractal values of geomagnetic signal recorded in
tectonic active areas are representing the dominance of high frequency component associated with EM field
from microfracturing processes in lithosphere. Apart from this, the components of holder exponent (part of
multifractal analysis) such as f,0x Rmax> Pmin, and h(0) also analyses the different characteristics of the
signal (Krzyszczak et al., 2019) such as enhancement in h,,,, indicates that underlying process of events are
more smooth rather than sorter fluctuations while h,,;,, is just opposite to hyy, 4. Similarly, f,,., 1S correspond
to h0 i.e. h which occurred maximum number of times in range A, 4.~ Apmin. The enhancements in f,,,, value
with large h indicate the underlying processes is less correlated and fine structure i.e. signal embedded with
anomalies and not completely regular while f,,,, correspond to smaller value of h indicate the highly
correlated and most regular signal. Enhancements in h,,,, and f,,,, with hO correspond to large h of a
geomagnetic signal recorded in active tectonic area, indicates that the underlying processes is smooth and
exhibit anomalies (less correlated and fine structures) of low frequencies. According to Conti et al. (2021)
electrokinetic process is responsible for generation of low frequency EM signature from lithospheric
deformation of a focal zone.

The enhancements in h,, 4, and f,,,,, preceding the clusters of shallow earthquakes 1-45, 46-48, 53-55 on the
SS fault at moderate epicentral distances are indicative of low frequency perturbations from multiple sources,
which are ascribed to electrokinetic processes (Conti et al., 2021). For the cluster 50-51, the former occurs on
the SS fault and the latter on the WAF leading to interferences of the EM signals, whereby the h,, 4, and f;,qx
enhancements are not prominent.

The earthquakes 49, 51 and 52 on the WAF dominated by strike slip mechanisms are also shallow and are at
moderate epicentral distances but have enhancements in f, and h,,, the latter being more significant. This is
interpreted as high frequency perturbations attributed to microfracturing processes (Ida et al., 2012).
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The earthquakes 56, 57, 59, 60, 61, 63 on the WAF and AT faults at large epicentral distances are linked with
enhancements in f, and h,, the former being more significant. We interpret these high frequency
perturbations to be also generated due to microfracturing processes; the large epicentral distances possibly
leading to attenuation of the highest frequency components leads to more prominent monofractal signatures.
The earthquakes 50, 58 and 62 are either at very large epicentral distances or large focal depths and fail to
produce signatures in any of the fractal components.
Thus, the moderate focal depth and epicenter distance earthquakes on WAF are dominated by h,, while large
focal depth and epicentre distance earthquakes on WAF/AT dominated by f;, possibly indicating that the EM
field from large distance are more homogeneous due to attenuation and dominating its appearance in fj
component, while EM field from short distance, indicating that EM field are more heterogeneous and
dominating its appearance in h,, component. Which means, f, component is most sensitive component for
large epicentre and focal depth earthquakes while h,, component is more sensitive for moderate epicentre
distance and focal depth earthquakes.

5. Conclusions

The study of fractal natures of the geomagnetic time series (Z component) allows us to conclude:

(1) The earthquake clusters occurred on normal/thrust fault are of moderate magnitude and focal depth are
emitting prior EM fields of low frequency effectively generated from electrokinetic processes in focal
zone of earthquake.

(i1))  The single earthquakes occurred on strike slip WAF fault of moderate magnitude and focal depth are
emitting prior EM field of more heterogeneity and frequency while, earthquakes on same fault with
large epicentre distance/ focal depth emitting prior EM field of lesser heterogeneity and high frequency
effectively generated from microfracturing processes in focal zone of earthquake.
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(ii1))  The monofractal dimension f, is more effective to trace the EM field from large epicentre distance
and focal depth while multifractal spectrum width h,, is more effective to trace the EM field from
moderate to small epicentre distance and focal depth for the case of microfracturing processes.

(iv)  The fractal analysis has advantage over diurnal ratio is simultaneous observation of high and low
frequency EM field from lithospheric deformation of focal zone of earthquake, which are emitted from
different pre-earthquake processes.
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