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4.1 Introduction

The b-value is an important statistical parameter used in seismological studies. Numerous
studies have been conducted over the globe to analyze the time varying character of the b-
value preceding major events. Spatio-temporal anomalies in b-value, a measure of
seismicity, often precede major earthquakes, offering crucial insights into seismic activity.
These anomalies refer to deviations from the typical distribution of earthquake magnitudes
and frequencies in a specific region over time. Observing shifts in b-values can signal
changes in stress accumulation and release along fault lines, potentially indicating the
buildup of seismic energy before a significant event. By analyzing these anomalies,
seismologists can enhance earthquake forecasting and risk assessment, aiding in the
implementation of proactive measures to mitigate the impact of future seismic events. In
the previous chapter, the seismic zonation has been laid out. In synchrony with those
demarcated zone along with additional active seismic zone, in this chapter, we have
performed the 4-D (spatio-temporal and depth) analysis before the occurrence of four
major recent events, including the Assam earthquake (28th April 2021, My 6.4), the
Mizoram earthquake (26th November 2022, My 6.1), the Gaziantep, Tiirkiye Earthquake
(6th February 2023, My 7.8), and the Nepal earthquake (9th November 2022, My 6.3).
Accordingly, the following sections will describe this spatio-temporal analysis pertinent to

these significant events case by case basis.
4.2. The Assam earthquake (28" April 2021, My, 6.4)
4.2.1. Introduction

Northeast India experiences frequent earthquakes, with 18 major quakes in the past
century. Significant events include the Shillong earthquake (1897, Mw 8.1) [1] and the
Assam-Tibet earthquake (1950, Mw 8.4), causing substantial casualties and damage. The

Sarma, V., Bora, D. K. and Biswas, R. Spatio-temporal analysis of b-value prior to 28 April 2021 Assam
Earthquake and implications thereof. Annals of Geophysics, 65(5): p. SE534, 2022.
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region, particularly the Kopili fault area, is seismically active and lies between latitudes
24°-28°N and longitudes 90°-94°E. Seismic activity is influenced by the subduction of the
Indian plate under the Eurasian plate. The FMD of earthquakes, defined by the GR
equation (equation 1 as mentioned in chapter 2) [2] links earthquake occurrence to
magnitude through coefficients 'a' and 'b', where 'b' reflects crustal characteristics and
stress levels. Studies have shown correlations between 'b-value' and factors like Bouguer
gravity, fractal dimension, and seismic moment in NE India [3], [4]. Research indicates b-
values range from 0.5 to 1.5 [5], [6] and can act as earthquake precursors, as observed
before major global quakes [7], [8]. This chapter focused on the Kopili fault, examining
spatio-temporal b-value variations and dependencies on focal depth before the 2021 Assam
earthquake (Mw 6.4). It includes an interplate model and correlational analysis

incorporating macroscale heterogeneities.
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Figure 4.1: The topological plot of the NER of the Indian subcontinent shows various
faults and thrusts. The prominent tectonic features in this region include;, MCT, MBT, LH:
Lohit thrust, MT: Mishmi thrust, KF, SF: Sagaing fault, DF, DT: Dapsi fault, DhF:
Dudhoni fault, Dhubri fault, Tista fault, Kaladan Fault, CCF: Chittagong Coastal Fault,
OF, BS: Barapani shear zone, NT, Kopili fault. The major thrusts located are shown by the
teeth lines. Inset map showing the highlighting study region.
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4.2.2. Tectonic setup

In Northeast India, as depicted in Figure 4.1, seismic activity is prominently influenced by
the subduction of the Indian plate beneath the Eurasian plate [9]. The study area, illustrated
in Figure 4.2, encompasses three major tectonic zones: the eastern Himalayan zone, the
Assam valley region, and the Shillong plateau region, delimited by latitude 24°-28°N and
longitude 90°-94°E. The Mikir hill plateau hosts the active Bomdila and Kopili faults. The
Kopili Fault, spanning 300 km in a NW-SE direction and 50 km in width, extends from
western Manipur to the Bhutan-Arunachal Pradesh-Assam trijunction. The 2009 Bhutan
earthquake, originating from the KF, highlights its active seismicity and expansion towards
the MCT in the Bhutan Himalaya. Located at the junction of the MBT and MCT, the
Kopili Fault experiences heightened seismic activity, as evidenced by the August 19 and
September 21, 2009 earthquakes. These events are characterized by shallow-focus, right-
lateral strike-slip faults, indicative of ongoing compression from the Indo-Burmese arc and
the Himalayan arc. The seismogenic zone of the Kopili Fault extends down to a depth of
47+ 2 km [10], increasing in depth from northern Burma towards the MCT. Figure 4.2 also
identifies the epicenter of the April 28, 2021 earthquake (Mw 6.4).
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Figure 4.2: The tectonic plot of the study region. the major earthquake events that
happened in this region are shown by red stars. The epicentral location 28th April 2021
earthquake is shown by the yellow star. MBT: Main boundary thrust, MCT, OF, KF, NT,
DE SE, DT, DhE, BS, Kopili fault. The thrust lines are shown by the teeth lines.

4.2.3. Data analysis

We compiled a catalog of 1398 earthquakes occurring between 1950 and 2021, with
magnitudes ranging from 2 to 8, sourced from the International Seismological Center
(ISC) and the United States Geological Survey (USGS). Using the [11] (as mentioned in
Table 2.2 of chapter 2) model, we distinguished mainshocks from aftershocks and
standardized magnitudes to Mw based on [12] and [13] (as mentioned in Table 2.1 of
chapter 2). The Mc was determined using the MAXC method with bootstrapping, yielding
Mc=3.9 (as shown in Figure 4.3) after applying a correction factor.
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Figure 4.3: FMD of earthquakes from 2000 to 2021. The straight line is the best fit. The
Mc value and the average b-value for the complete study region.

A notable decrease in Mc post-1993 (as shown in Figure 4.4) was attributed to network

improvements and increased seismic activity (as shown in Figure 4.5).
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Figure 4.4: Plot of the Mc variation with time. Standard deviations are shown by dashed

lines.
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We analyzed 750 events with My > M¢ to compute the b-value, confirming data linearity

using the GR power fit law with the MLE method.
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Figure 4.5: plot of the Cumulative number of earthquake events as a function of time of the

region.

Figure 4.6 depict the epicentral distribution of earthquakes from 1950 to 2021 with

magnitude My > 3.9 used for the b-value analysis.
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Figure 4.6: The epicentral location of all the earthquake events observed in this region

(1950-2021) having Mw > Mc is shown in the plot.
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4.2.4. b-value estimation

The present chapter is based on the MLE suggested by [14] and [15]. Furthermore, the SD
of the b value is estimated using the relationship proposed by [16]. The average b-value

derived from this method is b=0.98+ 0.2, as illustrated in Figure 4.3.
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Figure 4.7: The epicentral location of all the earthquake events recorded in the study
region from 1950 to 2021. The longitude-wise distribution of these earthquakes is shown

by yellow, green, blue, and red marks.

For the spatial variation of the b-value, the entire study region is subdivided into 16
equisized grids of 1°x1° dimensions. The moving window of 0.5° x 0.5° has been chosen
to retain the natural grid to grid continuity of data points. Several available reports ([17],
[18], [19], [20], [8]) opined that sufficient data should be present for reliable and better
analysis of b-value; otherwise, less quantity of seismic data may result in undesired and
incorrect results. As a result, accuracy and coverage suffer. Thus, adequate seismic data is
required for a better and high-quality outcome. Table 4.1 depicts the b-value for each grid
and the events that are used for the calculation are shown in Figure 4.7. The b-value
variation as a function of time is shown in Figure 4.8. The phenomena of significant fall in
b-value prior to any main event can be established from the Figure 4.8.
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Figure 4.8: The time series projects the variation in b-value for the study region. A

significant fall in b-value can be traced. The SD is shown by the dashed line.
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Table 4.1: Spatial variation of b-value for study region

Longitude(°E) Latitude(°N) Nmin b-value
90-91 24-25 14 0.95
90-91 25-26 63 1.25
90-91 26-27 53 0.94
90-91 27-28 23 0.76
91-92 24-25 49 0.80
91-92 25-26 58 0.84
91-92 26-27 61 0.88
91-92 27-28 60 0.71
92-93 24-25 52 0.68
92-93 25-26 31 0.73
92-93 26-27 139 0.76
92-93 27-28 155 0.72
93-94 24-25 129 0.76
93-94 25-26 49 0.66
93-94 26-27 65 0.83
93-94 27-28 33 0.88
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The relationship between the b-value and focal depth is also examined. The next section
presents a more in-depth analysis of these results. The declustring, earthquake
completeness of the earthquake catalog, and spatio-temporal, depth-weighted analysis of
the b-value are carried out using the Zmap tool ([21]).

4.2.5. Results and discussions

Recent studies ([22], [23], [24], [25], [26]) inferred that the b-value can vary with several
factors including depth, stress accumulation, plate tectonics, and faulting style mechanism.
Due to the subduction of the Indian plate under the Eurasian plate, this region remains
under high stress [27]. Figure 4.9 appraises the variation of b-values with focal depths of
the seismic events. The 8 slabs with each slab having a focal depth of 10 km are projected
by virtually dividing the area under investigation. The b-value is plotted against each slab
as projected in Figure 4.9. The lowest b-value is associated with the upper crust. Similar
implications were made by [24] for the entire NE India and quoted that a low b-value is
observed at a depth range of 25 km to 36 km. The lower b-value detected at a deeper depth
range for the southwest part of the study area may be allied with the rising protuberant of
the lithosphere in this region. The low b-value in the upper crust implies crustal
homogeneity. We encounter a low value of 0.66-0.71 confined to the upper crust. The
obtained result is plausible with the results that the accumulation of crustal stress in the

upper crust is more associated with the in-depth region.
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Figure 4.9: Graph showing the variation in b-value concerning depth for the study region.
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Figure 4.10: the seismotectonic model shows the epicentral location of all the events with
magnitude Mw >6.5 observed in this region. The epicentral location of the recent 28th
April 2021(6.4) earthquake is shown by a red star.

The interplate model helps us to approximate the location of the 28th of April 2021 (Mw
6.4) earthquake (Figure 4.10). It is an interplate earthquake with a reported depth of ~34
km [26]. Mostly interplate earthquakes are observed in this region (Figure 4.10). It is
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stated that crustal homogeneity and high seismic moment are implicated by lower b-
values. Notably, the 2021 event occurred at a depth of 34 km, hinting at the accumulation
of stress in the upper crust of the subduction region. As per [27], subcrustal earthquakes
showed depth ranges from 20 to 50 km. Meanwhile, in another study by [28] higher b-
values were obtained at intermediate depths of 80-100 km beneath Guatemala El-
Salvadore as well as for deeper depths of 130-170 km about Nicaragua. A recent study by
[4] reported that the b-value is less than unity down to 50-55 km depth, and there is a sharp
rise in b-value near 60 km depth in IBR. In similitude to these observations, the current
study attains higher b-values in intermediate depth (40-45 km) as well as for deeper depth
regions. The study conducted by [29] in New Zealand and Alaska respectively report high
b-value anomalies on top of the subducting slabs at depths within 100-150 km depth range.
Further, it is observed that the number of events with focal depths greater than 70 km
shows a declining trend. Lower tectonic stress at deeper depth with the accompaniment of
a high b-value could be one of the prominent causes of this observation. The depth
histogram as shown in the Figure 4.11 reveals that there is a significant rise in earthquake
events for the depth range 30 km to 50 km and the maximum peak is observed at the focal
depth of 35 km and the 28th of April 2021 (Mw 6.4) is also reported at the focal depth of
34 km. The same implications are reported by [23] that earthquakes events in the study
region occurred at the focal depth of 30 km to 50 km. Likewise, Figure 4.12 reveals that
the number of earthquakes having magnitude My~ (4-5) is more and only a few events
having magnitude My > 5 are observed in this region. The spatial variation of the b-value
for the study region is shown in Figure 4.13. The result shows that the b-value varies from
0.66+0.09 to 1.24+0.11 for the study region. [23] inferred that the b-value for northeast
India varies from 0.23 to 1.78. Similar implications were made by [4] for the Indo-Burma

region in which the b-value varies from 0.7 to 1.5.
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Figure 4.11: Histogram showing depth-wise variation corresponding to chosen 750 events

(Mw > 3.9). The intense seismicity is reported at the focal depth of 30km to 50km.
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Figure 4.12: Histogram shows the number of earthquakes versus Magnitude for the
selected 750 events (Mw>3.9). Mostly small magnitude earthquakes with some large

magnitude earthquakes are observed in this region.

Thus, the observations made from our study show a plausible relationship with already
existing results. A recent study [8] reported an intermediate b-value before the Manipur
earthquake (2016).In the present study, low b-value variation is also observed in the
regions between 25-26°N and 93-94°E. These have been suggested to be due to large

variations in tectonic stress owing to local variations in the plate tectonic driving forces.
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[30] successfully explained the seismicity and the subduction process by testing the
correlation between coupling and other physical features of subduction zones. In contrast,
a significant low variation of b-values is observed (Table 4.1) around the epicenter of the
28th April 2021 (Mw 6.4)Assam earthquake (Lat ~26.781°N, Long ~92.457°E), where the
b-value concentrates around 0.76. The implications made after a global scale study of b-
value for the large region show b-value near to unity for any seismically active region but a
recent study [23] shows the variation in b-value up to 1.78. Our results show good
agreement with the already existing studies for the northeast Indian region (eg. [23], [4]).
Certain areas of the study area embody higher stress accumulation relatively. This may be
treated as an implication of future impending larger ruptures related to these locations.
Since the Kopili fault and its neighboring areas are active regions, the current work will

prove to be useful for earthquake prediction and seismic hazard assessment.
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Figure 4.13: b-value contour map for the study region. The epicentral location of the 24™

April 2021 earthquake is shown by the yellow star.
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4.3. The Mizoram earthquake (26th November 2022, My 6.1)
4.3.1. Introduction

The northeastern region of India, designated as zone V [31] for seismic activity, is
characterized by its diverse geological features, including the eastern Himalayas, Shillong
plateau, Indo-Burma region, and Brahmaputra plains (as shown in Figure 4.14). The
constant subduction of the Indian plate beneath the Burmese plates results in frequent
seismic events, making it a hotspot for major earthquakes. Recognizing the significance of
the b-value, this chapter investigates the b-value variation in the region as a potential
earthquake precursor, focusing on events preceding the November 26, 2021 Mizoram
earthquake (My 6.1). This meticulous investigation fills gaps left by conventional

techniques, highlighting the importance of statistical tools in seismic research.
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Figure 4.14. The tectonic plot of entire NE India. The epicentral location of the 26th
November Mizoram earthquake (Mw~6.1) is shown by a yellow star. An inset map of India

marking the study region is shown at the top left corner.

Sharma, V. and Biswas, R. Spatio-temporal variation in b-value prior to the 26 November 2021 Mizoram
Earthquake of northeast India. Geological Journal, 57(12): 5361-5373, 2022.
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4.3.2. Tectonic setup

The tectonic map of NE India (Figure 4.14) shows the N-S trending IBR, a region prone to
major earthquakes due to the subduction of the Indian plate under the Burmese plate,
which began in the Cenozoic era. The IBR extends from the Eastern Himalayan Syntaxis
(EHS) in the north to the Andaman spreading zone in the south. The EHS serves as a
transition between the MCT and MBT and connects to the IBR. The KF forms a boundary
between the Myanmar Central Basin (MCB) and IBR, while the SF separates the MCB
from the Shan plateau and connects to the Andaman Spreading Ridge (ASR) [32]. The NT
separates the eastern Assam valley from the IBR, and the active Churachandpur Mao Fault

(CMF) runs through the IBR [33].
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Figure 4.15: The focal mechanism solutions and epicentral location of the earthquakes

with magnitude My > 6 are presented in the figure.

Figure 4.15 shows seismogenic characteristics and epicenters of earthquakes (Mw > 6.0) in
the region since 1976, with most exhibiting a thrust mechanism indicating under thrusting.
Five of the eight large earthquakes have epicenters along the EBT, further illustrating this

under thrusting. The GCMT provides focal mechanisms for these significant earthquakes.
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4.3.3. Data Analysis

The b-value, a factor indicating earthquake size distribution, was analyzed using an
earthquake catalog spanning from 1964 to 2021 for the region between 22°-27° N latitude
and 92°-97° E longitude. This catalog, sourced from ISC and USGS, includes 3,154
events with magnitudes (Mw) of 3.5 or higher. To ensure accuracy, aftershocks and
foreshocks were separated, and duplicate entries were removed using the [11] (as
mentioned in Table 2.2 of chapter 2) declustering method. The cumulative increase in the

number of events is illustrated in Figure 4.16.
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Figure 4.16. The plot depicts the cumulative number of earthquakes in the area as a

function of time.

Magnitudes were converted to Mw using the conversion formulas proposed by [12] and
[13] (as mentioned in Table 2.1 of chapter 2) to maintain consistency. The Mc was
calculated using the MAXC method as described by [34] and [35], with additional support
from bootstrapping techniques [36]. Figure 4.17 illustrates the temporal variation in the

Mc for the earthquake catalog.
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As previously discussed, the variations observed in the M¢ value can be attributed to the

upgrades and changes in the seismic network within the study region. Notably, the average

M¢ value for the study area is 3.9, as depicted in Figure 4.18.
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Figure 4.18: Shows the FMD plot for the database, including the M¢, and the mean b-

value for the study region.
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For precise analysis, 767 well-located events (as shown in Figure 4.19) from ISC-EHB and
GCMT databases with Mw>3.9 were used to perform spatial-temporal and depth-wise b-

value variation analysis.
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Figure 4.19: The plot depicts the epicentral location of all the (767) events with My > Mc.

4.3.4. b-value calculation

The Aki-Utsu MLE [14], [15] is used to approximate the average b-value and the SD in b-
value is estimated using [16] method. The average b-value derived from this method is
b=0.98 + 0.3, as illustrated in Figure 4.18. The Zmap tool [21] is used for spatio-temporal
and depth-wise variance analysis. Temporal and depth variations in the b-value help assess
stress accumulation and predict major events. The non-parametric K-S test determines the

significance of these variances.
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4.3.5. Results and Discussions

The geospatial variation of the FMD factor of earthquakes (b-value) for the study region is
detailed in Table 4.2 and visually represented in Figure 4.20. To analyze this spatial
variation, the entire research area is alienated into equal-sized grids of 2° x 2°, with a 1° x
1° movable window used to maintain consistency between data points across grids. A total
of 767 earthquake events, sourced from the ISC-EHB earthquake catalog, were grouped
based on their geographical location within these grids (Table 4.2). The MLE was then
applied to estimate the b-value for each grid. The b-value for the study area ranges from
0.84 to 1.51, as shown in Figure 4.20.

Table 4.2: The geospatial distribution of the b-value is listed below

Longitude Latitude Freq b-value ob
92-94 21-23 62 1.18 0.19
92-94 23-25 74 0.88 0.12
92-94 25-27 42 1.20 0.20
94-96 21-23 127 0.92 0.08
94-96 23-25 241 0.91 0.07
94-96 25-27 83 0.84 0.02
96-98 21-23 3 0 0
96-98 23-25 23 1.51 0.25
96-98 25-27 112 0.87 0.05

Grids with inadequate data points are depicted in Figure 4.20 by the grey colour grid.
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Figure 4.20: The geospatial distribution in b-value for the study region before the
Mizoram earthquake (26™ November 2021, M,, 6.1) is shown in the figure. The red star

shows the epicentral location of a recent major earthquake.

A non-parametric K-S test was employed to assess the significance of the geographical
distribution of b-values. The results of the K-S test calculations are presented in Table 4.3,
where the Maximum D-value (Dmax) exceeded the critical D-value at significance levels
of p = 0.05 and p = 0.02 with n=8. Consequently, the null hypothesis suggesting no
substantial difference in b-value geographic distribution was rejected. Figure 4.21 displays
a plot of cumulative probability against b-values following the K-S analysis, where Dmax
represents the maximum modulus of difference between the empirical cumulative
distribution function (ECDF) and the standard cumulative distribution function (SCDF).
[37] utilized a similar statistical approach to assess temporal and spatial b-value

distribution relevance prior to the Sichuan, China earthquake (2021, Mg 6.0).

75



Table 4.3. The parameters used in the K-S significance test for the geospatial distribution

of the b-value are listed in the table below.

b-value Freq Cum Freq ECDF Z-value SCDF D-value
0.84 1 1 0.125 -0.84 0.201 0.076
0.87 1 2 0.25 -0.714 0.238 0.013
0.88 1 3 0.375 -0.671 0.252 0.124
0.91 1 4 0.5 -0.545 0.294 0.207
0.92 1 5 0.625 -0.502 0.308 0.318
1.18 1 6 0.75 0.597 0.725 0.026
1.2 1 7 0.875 0.682 0.753 0.123
1.51 1 8 1 1.992 0.977 0.024
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Figure 4.21: The Cumulative probability vs b-value using the K-S test to testify the

significance of the geographical distribution of the b-value is shown in the plot.

[23] provided an extensive analysis of b-value variations across Northeast India, revealing

a broad range from 0.23 to 1.78. Similarly, studies by [4] and [38] highlighted spatial
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discrepancies in b-values within the IBR, spanning from 0.70 to 1.50. In our investigation,
we identified a low b-value of 0.84 within the grid spanning 25°-27°N and 94°-96°E,
contrasting with a peak b-value of 1.51 in the grid from 23°-25°N and 96°-98°E. Notably, a
significant reduction in b-value was observed along the KF, originating from the historic
1762 Arakan earthquake. The southeast-trending KF, which run parallel to the IBR near
Mizoram, along with the nearby SF, exert notable influence on the tectonic characteristics
of surrounding faults, contributing to the occurrence of numerous major earthquakes in this
region [39]. [40] documented substantial declines in b-value preceding major earthquakes,
including the Sumatra events of 2002 and 2004. Figure 4.19 underscores that the majority
of earthquake epicenters are situated in regions characterized by low b-values (Figure
4.20), particularly along the IBR near the Kabaw and SF, likely influenced by the relative
motion between India and the Sunda plate ([39], [41]). The epicenter of the November 26,
2021 Mizoram earthquake was located within an intermediate b-value grid (Figure 4.21),
consistent with findings from the January 3, 2016 Manipur earthquake observed by [8].
[42] studying various seismic regions of Iran, noted significant declines in b-values prior
to major earthquakes, ranging from 0.58 to 0.91. Similar observations were made by [34]
in the San Andreas zone, where decreases in b-values preceded significant seismic events

in active regions of the western US and Japan.
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Figure 4.22: The plot illustrates the spatial distribution of SD reported in the b-value

estimation.
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The SD of the b-value for the study region which varies from 0.02 to 0.25 (Figure 4.22).
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Figure 4.23: The plot illustrates the temporal b-value and the SD of the b-value is shown
by the dashed line.

Figure 4.23 projects the temporal variation of b-value for the study region. The b-value is a
crucial seismic characteristic, and even a slight change might have a negative impact.
Here, we used the non-parametric K-S test to assess the significance of a decline in the b-
value before major seismic events, in contrast to the conventional method where the
change in its value was recorded without using any statistical tool. Table 4.4 lists the
parameters utilized in this calculation. We use a piece of the b-value temporal curve to
evaluate and validate the phenomenon of a drop in the b-value before major occurrences.
According to [43], this region has seen eight moderate earthquakes with magnitudes
ranging from (Mw 5.0-5.9) over the last seven months. We undertook a detailed
examination of fluctuation in the slope of the b-value curve from April 2020 to October
2020, using this report as a guide, and then used the K-S test to validate the importance of
the decline in b-value before any major events. The K-S test is performed with p=0.02 and
p=0.05 as the significance levels. Dpn,=0.189 (Figure 4.24) is found to be the largest
difference between ECDF and SCDF. It is reported that the Dy, is more than the critical
D-value thus the K-S test validates the significance of the fall in the b-values before these

events.
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Table 4.4: The table below includes the variables that have been utilized in the K-S

significance test for the temporal variance of the b-value.

b-value Freq Cum Freq ECDF Z-Value SCDF D-Value
0.79 1 1 0.143 -1.415 0.079 0.065
0.8 2 3 0.429 -0.708 0.24 0.189
0.81 1 4 0.572 -0.001 0.5 0.072
0.82 2 6 0.858 0.708 0.761 0.097
0.83 1 7 1 1.415 0.922 0.079
1.0 -

o
o)
!

o
A
!

Cumulative Probability
@)
()

o
N
!

—e— ECDF
|—®— SCDF

T

pd " T ' T
0.79 0.80 0.81 0.82 0.83
b-value

Figure 4.24: The Cumulative probability vs b-value to establish the significance of the dip

in the b-value temporal curve using the K-S test is shown in the plot.

The first indication of a decline in the b-value initially surfaced in March 2020, almost two
years before the primary shock, and was followed by a significant decline in the b-value in
November 2020. The Mizoram earthquake consequently happened on November 26th,
2021, a few months later. With the use of the K-S test, this assertion is proven. Likewise,
[44] inferred that the b-value temporal curve exhibits a drop well before the occurrence of
the 2003 (M8.0) and 2008 (M7.1) earthquakes. Similarly, before the catastrophic
earthquake that struck Kashmir on October 8, 2015, [45] noticed a decline in the b-value
curve (Mw 7.6). Consequently, the phenomenon of a fall in the b-value as an earthquake

precursor that occurs well before the main event is established in the analysis.
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Figure 4.25: The seismotectonic model of the research area is depicted in the plot. The
vellow stars indicate the epicenter of the earthquake with a magnitude My > 6, and the red

star is the epicenter of the earthquake that occurred on November 26, 2021.

The seismotectonic model of the research area is shown in Figure 4.25, which enables us
to see the active faults in the area. The interplate model aids us in estimating the location
of the Mizoram earthquake (Mw 6.1) that occurred on November 26, 2021. A depth of
about 12 kilometers has been reported for this interplate earthquake (as reported by the
NCS, India). Figure 4.25 shows the Kopili fault, CMF, and EBT where the earthquake
occurs. The depth of the earthquake with magnitude Mw > 6 has been displayed in Figure
4.25 using data from the ISC-EHB catalog.
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Figure 4.26: The graphic displays the depth-wise distribution in the b-value for the

investigated region.

Figure 4.26 illustrates the depth-wise variation in b-values across the studied region using
a dataset of 767 well-located earthquake events, primarily sourced from the ISC-EHB
catalog (741 events) and GCMT (26 events). Each depth window, computed with a
constant M¢ and a sample window of 50 events, reveals fluctuations in b-values that aid in
understanding stress accumulation beneath the Earth's crust. Earlier studies by [23] and [8]
observed low b-values (0.43 to 0.55) in the upper crust (25-36 km depth), indicating
localized stress concentration. The b-value sharply declines after a peak, reaching a
minimum at 45 kilometers depth. For instance, the November 26, 2021 earthquake had a

focal depth of 12 kilometers, influencing the b-value trends observed. Beyond 70
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kilometers depth, b-values increase significantly, peaking in the 100 to 120 km range,
possibly due to factors like magma chambers, reduced normal stress, groundwater
interactions, or pore pressure ([46], [47], [48]). [4] attribute higher b-values in the
subducted crust beneath the IBR to trapped over-pressured fluids, affecting fluid migration
and heterogeneity near plate contacts. Studies by [49] and [29] suggest that deep-seated
factors such as increased pore pressure and deep-lying dehydration sites contribute to
elevated b-values at depths of 80-110 kilometers (Guatemala-El Salvador) and 100-150
kilometers (volcanic chains), impacting crustal stress dynamics. The significance of depth-
wise b-value variance was validated using a K—S non-parametric test on a sample of 17
random b-values collected from the depth-wise b-value curve (Table 4.5), conducted at a

significance level of p=0.05 and p=0.02 with n=17.

Table 4.5: The table below lists the variables used in the K-S significance test for Depth

wise variation of b-value.

b-value Freq Cum Freq ECDF Z-value SCDF D-value
0.42 1 1 0.059 -1.205 0.115 0.056
0.425 1 2 0.118 -1.142 0.127 0.010
0.437 1 3 0.177 -0.99 0.162 0.016
0.441 2 5 0.295 -0.94 0.174 0.121
0.447 1 6 0.353 -0.864 0.195 0.159
0.453 1 7 0.412 -0.788 0.216 0.197
0.466 1 8 0.471 -0.623 0.267 0.204
0.484 1 9 0.53 -0.396 0.347 0.184
0.558 1 10 0.589 0.541 0.706 0.118
0.567 1 11 0.648 0.655 0.744 0.097
0.583 1 12 0.706 0.858 0.805 0.099
0.587 1 13 0.765 0.908 0.819 0.054
0.588 1 14 0.824 0.921 0.822 0.003
0.608 1 15 0.883 1.174 0.88 0.003
0.61 1 16 0.942 1.199 0.885 0.057
0.644 1 17 1 1.629 0.949 0.052
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The maximum D-value (Dmax) as shown in Table 4.5 and Figure 4.27. Thus, the
maximum D-value is found to be more than the critical D-value consequently K-S test

validated the fluctuation reported in the depth-wise b-value variation.
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Figure 4.27: The plot illustrates the cumulative probability vs. b-value to demonstrate the

significance of the depth-wise b-value fluctuation.

Figure 4.28 gives statistical data for the number of events with different depth ranges. A
significant decrease in earthquake events is reported for the deep depth region (> 120km).
The significant fall in the curve can be attributed to the decrease in crustal stress at the
deeper depth region [8]. The comparison of the Figure 4.26 and Figure 4.28 reveals that
the b-value increases as depth increases, illustrating a decreasing crustal stress character in
the deeper depth zones. The depth-wise b-value implications drawn from this work
apparently demonstrate a plausible association with past research that has been performed

in this area ([23], [4], [8]).
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Figure 4.28: The histogram displays the depth-wise clustering of 767 earthquake events
with My>Mc.

4.4. The Gaziantep, Tiirkiye Earthquake (6th February 2023, My 7.8)
4.4.1. Introduction

The study of earthquake precursors, particularly b-value variations and seismic quiescence
(Z-value), is crucial in seismology. The b-value reflects the statistical distribution of
earthquake magnitudes and varies temporally and spatially before major earthquakes. This
variation can offer insights into underlying seismic processes. Seismic quiescence, a
notable decrease in seismic activity, often precedes significant earthquakes. Tirkiye, a
seismically active region, recently experienced a major earthquake on February 6, 2023

(My 7.8).

Sharma, V. and Biswas, R. Unravelling b-value anomalies prior to the 6th February 2023 Gaziantep,
Tiirkiye Earthquake (MW 7.8): Implications for Seismic Precursors and Regional Seismicity Patterns.
(Communicated)
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This study examines spatiotemporal b-value variations and seismic quiescence before the
2023 Gaziantep earthquake (Mw 7.8), utilizing statistical methods to enhance earthquake

prediction and hazard assessment.
4.4.2. Seismotectonic setup

Tiirkiye, situated at the intersection of the Eurasian, African, and Arabian tectonic plates, is
highly seismically active due to its complex seismotectonic setup (as shown in Figure
4.29). Key active faults include the North Anatolian Fault (NAF), responsible for major
earthquakes like the 1999 Marmara earthquake, and the East Anatolian Fault (EAF), site of
the recent February 2023 Gaziantep earthquake (Mw 7.8) [50]. Other significant faults are
the South Anatolian Fault and the Dead Sea Fault (DSF), both contributing to regional
seismicity. The Bitlis-Zagros Fold Belt (BZFT) and the Lesser Caucasus (LC) and Greater
Caucasus (GC) regions also exhibit intense tectonic activity due to plate interactions,
including thrust faulting and subduction [51]. This intricate tectonic environment makes
Tiirkiye prone to frequent and potentially destructive earthquakes, necessitating ongoing

research to understand and mitigate seismic hazards.

39°

Figure 4.29: The tectonic plot of the study region. The red star shows epicentral location
of 1939- Erzincan earthquake (My 7.8), 1999-Izmit earthquake (My 7.4), 1999-Duzce
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earthquake (My 7.2), and 2011-Van earthquake (My 7.2). The major tectonic features
include: The NAF; The EAF; The DSF; The BZFT: The LC and the GC; The
Mediterranean Sea and Black Sea; Arabian plate; Anatolian plate; East Anatolian
plateau. The white star shows the epicentral location of the recent 6" February 2023
Tiirkiye Earthquakes (My 7.8; My 7.5). The highlighted region shows the study region

considered in present study.
4.4.3. Earthquake catalog and its Analysis

The study area spans 35° - 41° degrees north latitude and 34° - 42° degrees east longitude.
To analyze b-value anomalies, we used a homogeneous earthquake catalog prepared by
[52], covering events in Tirkiye from 1905 to 2018. Additionally, data from the Kandilli
Observatory and Earthquake Research Institute (KOERI), the ISC, and the USGS for
events from November 1, 2018, to January 31, 2023, were utilized. These sources report
magnitudes in various scales, which were converted to the My scale using [52] (as
mentioned in Table 2.1 of chapter 2) conversion relationship. Figure 4.30 documents
89,990 seismic events (magnitudes 1.0 to 7.7 My) with minimal changes from 1905 to
1995 and a significant increase post-1995 due to more monitoring stations.
x10*

l 0 1 1 1 1 1 1

1400

1200

1000 1

800

600 - § -

Number of events

400
1995

200 a

4 0 . - : L -

1920 1940 1960 1980 2000 2020
Date (years)

Cumulative Events

0 T T T T T T
1920 1940 1960 1980 2000 2020
Time
Figure 4.30: The cumulative number of events per year for the study region recorded

between 1905 to 2023. The histogram illustrates the annual distribution of observed

seismic events.

The catalog includes dependent events (foreshocks, aftershocks, clusters), requiring

declustering to fit Poisson distribution for accurate analysis. Various algorithms (as
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mentioned in Table 2.2 and Table 2.3 of chapter 2) were used, with [53] method achieving
the highest declustering events (72380) (as shown in Figure 4.31).
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Figure 4.31: The comparative analysis of the different declustering algorithms used in this

research.

To ensure the reliability of an earthquake catalog, it is crucial to assess its temporal and
magnitude completeness. Methods by [54] and [55] are commonly used for this evaluation.
In our study, we employed the Visual Cumulative Inspection (CUVI) method introduced
by [55] to assess temporal completeness. Figure 4.32a shows that seismic activity patterns
remained consistent from 1905 to 1995, with a significant increase from 1995 to 2002,
followed by changes from 2002 to 2013 and 2013 to 2023. This aligns with previous
studies highlighting a rise in seismic events post-1995 in the EAFZ. We affirm 1995 as the
start of notable changes, concluding the catalog is temporally complete from 1995 to 2023.
Figures 4.32b, 4.32c, and 4.32d depict the cumulative number, depth distribution, and
magnitude distribution of events, respectively, during this period. Therefore, we consider

the declustered catalog from 1995 to 2023 as complete.
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Figure 4.32: The figure presents various aspects of the earthquake catalog: (a) Cumulative
declustered earthquake events catalog from 1905 to 2023, (b) Homogenous segment of the
earthquake catalog spanning from 1995 to 2023, (c) Depth-wise distribution of the
homogenous earthquake events, and (d) Magnitude vs. time distribution of homogenous

earthquake events.

Assessing completeness involves computing the Mc to determine the smallest detectable
earthquake size in a region, influenced by spatial and temporal variations. We visualize
temporal changes in Mc¢ using a sliding time frame MAXC method, with Figure 4.33
showing a range from 4.6 to 1.56 for the complete earthquake catalog. The surge in
seismic activity post-1995 correlates with a decline in Mc, indicating a relationship
between event count and Mc value. Recent studies support a high M¢ value until 1995,

followed by a decline, particularly in the EAFZ ([56], [57], [58]).
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Figure 4.33: The Time-dependent changes in the Mc for the study region. The SD in M¢

value is illustrated by the red dashed line.

To enhance Mc analysis, the complete catalog was divided into two periods: 1905 to 1995

and 1996 to 2023. Using a grid with 0.2-degree dimensions, the spatial distribution of Mc

was computed, employing the MAXC method [34] with a correction factor of '+ 0.2' [35].

Figure 4.34(a-b) illustrates a high M¢ value from 1905 to 1995 and a significant decrease

from 1995 to 2023. Seismic station proliferation in recent years ([59], [52]) has enabled

the recording of minor seismic events, impacting Mc values.
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Figure 4.34: The figure illustrates the geospatial distribution of the Mc for the study
region during two distinct periods: (a) 1905-1995 and (b) 1995-2023.
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Figure 4.35 indicates an overall M¢ of 2.5, signifying completeness in magnitude for

earthquakes with a magnitude of 2.5 or higher.
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Figure 4.35: The FMD curve for the study region.

After confirming temporal completeness from 1995 to 2023 with an Mc value of 2.5, we

proceeded with further analysis. Figure 4.36 illustrates the spatial and depth distribution of

uniform earthquake events. Notably, most events are concentrated in the upper crust

region. Additionally, a recent earthquake in Gaziantep on February 6th, 2023, with My 7.8

at a depth of 10 km, provides valuable insight into regional seismic activity, enhancing our

understanding of the earthquake catalog.
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Figure 4.36: The epicentral location of the declustered homogenous earthquake events
having magnitude My > Mc. The white stars depict the epicentral location of recent 6"

February 2023 Tiirkiye Earthquakes (M 7.8 and 7.5).

4.4.4. Methodology Adopted

This study employs the modified MLE approach proposed by Aki and Utsu, known as the
Aki-Utsu MLE ([14], [15]) to analyze seismic activity. Furthermore, the SD in b-value is
determined by applying the formula proposed by [16]. The average b-value derived from
this method is b=0.98 + 0.1, as illustrated in Figure 4.35.

4.4.5. Results and Discussion

For meticulous seismic investigation, the entire research area is divided into 12 uniformly
spaced grids, and GR parameter (b-value) for each grid is determined. In order to maintain
the natural grid-to-grid continuity of data points, we have maintained the original size of

each subregion at 2° x 2° and chosen a moving window with dimensions of 1° x 1°.
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Table 4.6: The value of the GR parameters for each grid is listed in the table.

Longitude (°) Latitude (*) Number
of
Events
1 34-36 35-37 0.74 0.02 1203
2 34-36 37-39 1.12 0.02 2497
3 34-36 39-41 1.01 0.02 2398
4 36-38 35-37 1.11 0.03 1518
5 36-38 37-39 0.86 0.02 3979
6 36-38 39-41 0.88 0.02 1683
7 38-40 35-37 1.06 0.08 343
8 38-40 37-39 0.94 0.01 6001
9 38-40 39-41 1 0.02 3205
10 40-42 35-37 0.6 0.02 358
11 40-42 37-39 0.87 0.02 1772
12 40-42 39-41 0.84 0.01 4434

The illustration of the geospatial variation of the b-value for the region under consideration
is shown in Figure 4.37. The b-value for each grid is estimated using the MLE technique
developed by [14] and refined by [15], sometimes referred to as the Aki-Utsu ML method.
Table 4.6 presents the range of b-values obtained in the research area, spanning from 0.6 to
1.12. In a recent study conducted by [58] on the Eastern Anatolian zone of Tiirkiye a range
of b-values from 0.66 to 1.60 was reported. Therefore, the b-values observed in the current
study align with the earlier findings. Furthermore, [16] proposed an estimation method for
the SD observed in the b-value estimation, and Table 4.6 shows its spatial distribution. In
this chapter, the low b-value is observed along the EAFZ, and South-eastern Anatolia
Region. The EAFZ, situated in eastern Tiirkiye, is a significant fault system that serves as
the boundary between the Anatolian Plate and the Arabian Plate. The recent earthquake
that occurred on February 6, 2023, near Gaziantep, Tiirkiye, with a magnitude of My 7.8,
took place in close proximity to this fault zone. Similarly, The South-eastern Anatolia
Region, also known as South-eastern Tiirkiye, is in the south-eastern part of the country.
This region is seismically active and experiences frequent earthquakes due to its tectonic

setting. The epicentral location of the recent earthquake occurred on 6th February 2023
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Gaziantep, Tirkiye Earthquake (Mw 7.8) is found to be in an b-value grid (b < 1). In the
recent studies it has been observed that the regions positioned at low b-value zones have
high potential of future earthquakes ([8], [4]). According to a study conducted by [59], it
was noted that lower b-values are indicative of higher stress release. Consequently, the
occurrence of the 6th February 2023 Gaziantep, Tiirkiye Earthquake (Mw 7.8) in an area
with low b-values may suggest a lower level of accumulated strain resulting from
subduction tectonics. This implies that stress gradually accumulates over time and is
subsequently released through less frequent, yet more significant, earthquake [60]. [61]
conducted a study and found that the epicenter of the 1999 Izmit earthquake (Mw 7.4) was
situated in a region with a low b-value. Similarly, [62] reported a low b-value around the
epicenter of the 2011 Van-Ercis earthquake in Tiirkiye, which had a magnitude of 7.2. On a
global scale, [8] discovered that the epicenter of the 2016 Manipur, India earthquake, with
a magnitude of 6.7, was located in an area with intermediate b-values. Furthermore, [63]
reported that the epicenter of the 2004 Sumatra earthquake (Mw 9.0) was in a region with
relatively low b-values. Therefore, based on the aforementioned discussion, it can be
inferred that the occurrence of the February 6, 2023 Gaziantep, Tiirkiye earthquake (Mw
7.8) in a low b-value region indicates a significant accumulation of stress prior to its
occurrence. Additionally, the current analysis of b-values demonstrates a plausible

correlation with the earlier studies.
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Figure 4.37: The geospatial distribution of b-value for the study region. The epicentral
location of 6th February 2023 Gaziantep, Tiirkiye Earthquake (My 7.8) is represented by

black star.
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The significance of conducting a comprehensive study on b-value variation using
statistical tools was not fully recognized in previous research, which predominantly relied
on traditional methods of visual inspection. Consequently, the importance of
systematically analysing b-value variations using statistical techniques was
underestimated. Due to the existing gaps in prior research, this article aims to address them
by conducting a comprehensive seismic analysis of the spatial disparity in b-values leading
up to the February 6, 2023 Gaziantep earthquake in Tiirkiye (Mw 7.8). The analysis is
performed using the K-S nonparametric test. The advantage of nonparametric analysis lies
in its ability to make fewer assumptions about the data, require a smaller sample size, and
become necessary when data can be ranked but lacks clear numerical interpretation, such
as in the case of assessing preferences. The K-S test involves the use of the ECDF, SCDF,
and Z-value. The ECDF represents the empirical distribution of a dataset, while the SCDF
standardizes it for easier comparison and analysis. The Z-value quantifies the maximum
vertical deviation between the ECDF and the hypothetical distribution, indicating a larger
discrepancy between the observed data and the hypothesized distribution. The parameters

used for the K-S test have been listed in the Table 4.7.

Table 4.7: The K-S parameters used to examine the geospatial variation of b-value for the

EAFZ.

b-value ECDF Z-value SCDF D-value

0.6 0.059 -2.458 0.007 0.052
0.74 0.118 -1.566 0.059 0.059
0.84 0.176 -0.928 0.177 0.001
0.86 0.235 -0.8 0.212 0.024
0.87 0.294 -0.737 0.231 0.063
0.88 0.353 -0.673 0.25 0.102
0.94 0.412 -0.29 0.386 0.026

1 0.588 0.092 0.537 0.052
1.01 0.647 0.156 0.562 0.085
1.06 0.882 0.475 0.682 0.200
1.11 0.979 0.693 0.683 0.296
1.12 1 0.857 0.804 0.196
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The K-S test is utilized to assess the statistical implication of the spatial dispersion of b-
values. Table 4.7 contains the parameters used in the K-S test, which can be referenced for
more details. By employing a significance level of p = 0.2 and analyzing a total sample
size of 15, it was observed that the maximum D-value exceeded the critical D-value, as
depicted in Figure 4.38. Consequently, the null hypothesis is rejected, implying that there

is a significant difference in the geographical distribution of b-values.
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Figure 4.38: The plot depicts the difference between the ECDF and SCDF to examine the

geospatial variation of b-value.

When studying seismicity, researchers (such as [64], [58], [8], [65] etc.) commonly
examine the changes in the b-value parameter over time. Typically, earthquake data is
analyzed using a power-law distribution assumption. Analyzing the variations in the b-
value over time provides insights into seismic activity and stress levels within a specific
region. An increase in the b-value indicates a higher occurrence of smaller-magnitude
earthquakes, suggesting a period of heightened seismic activity or stress release.
Conversely, a lower b-value may indicate a period of increased stress accumulation or the
potential for more significant earthquakes. Therefore, examining the changes in the b-
value parameter over time is crucial in seismic analysis, as it helps researchers understand

seismic activity, stress variations, and potential earthquake hazards within a given region.
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To investigate the temporal changes in the b-value, it is necessary to utilize a long-term
earthquake catalog and employ appropriate statistical methods to identify significant
variations. There are various methods to evaluate temporal fluctuations in the b-value
before major earthquakes. These include sliding window analysis, time-dependent rate
models, cumulative number of earthquakes, Bayesian methods, GR Variability analysis,
and statistical hypothesis testing. These methods help identify and quantify temporal
variations in b-value, providing insights into seismic activity patterns and potential
earthquake hazards. By applying these methods to long-term earthquake catalogues,
researchers can better understand seismic activity patterns and potential hazards. However,
in order to fully grasp the seismic behaviour in a given region, it is necessary to take
additional seismic parameters into account and conduct in-depth analyses. To accurately
analyse the temporal fluctuation of the b-value, it is important to account for the
heterogeneity of the Earth's crust. In this regard, we focus specifically on the seismic
events that occurred within the square grid delineated by 36°-38° E longitude and 37°-39°
N latitude, which coincides with the epicentral location of the February 6, 2023 Gaziantep
earthquake in Tirkiye with a magnitude of My 7.8. By narrowing our analysis to this
specific region, we can mitigate the potential impact of crustal heterogeneity and ensure a
more precise examination of the temporal changes in the b-value. Figure 4.39 presents the
temporal fluctuation of the b-value prior to the Gaziantep earthquake epicenter in Tiirkiye,
which took place on February 6, 2023, with a magnitude of 7.8. This Figure 4.39 provides
insights into how the b-value changed in the vicinity of the earthquake epicenter from
2020 to 2023. We estimate the temporal variation in the b-value using the MAXC
approach by employing the Moving Window method with a sample of 500 events.
Furthermore, we enhance the estimation using bootstrapping, a resampling technique
conducted 200 times to ensure the robustness and reliability of the results. This
methodology yields valuable insights into how the b-value, a critical parameter in
seismicity analysis, varies over time, providing a comprehensive view of the seismic
activity in the region. The temporal analysis of the b-value reveals a general downward
trend leading up to the February 6, 2023 Gaziantep earthquake in Tirkiye with a
magnitude of 7.8. Likewise, the decline in b-value for other notable events occurring in the
study region can be observed from the Figure 4.39. Similar conclusions were drawn by
[40] in the case of the Sumatra earthquakes in 2002 and 2004, and by [66] before the
devastating Wenchuan earthquake (Mw 8.0) in southwest China in 2008. [66] specifically

studied the b-value changes in southwest China and suggested that the gradual decrease in
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the b-value between 2000 and 2008 could be interpreted as a precursor to the Wenchuan
earthquake. The b-value slope was also observed to be negative prior to the massive
earthquakes that struck the Pacific coast of Tokachi, Hokkaido, Japan on September 26,
2003 (M8.0) and September 11, 2008 (M7.1), as reported by [44]. Furthermore, [67] found
similar results for the southern California region, establishing a correlation between low b-
values and mainshocks. Numerous studies, such as [8] and [68], have identified that
fluctuations in the b-value at a seismic site can serve as a predictive indicator for the
occurrence of large or moderate earthquakes in the near future. The temporal curve of the
b-value for the analysed region, as shown in Figure 4.39, demonstrates a decline in its
value well before the occurrence of the February 6, 2023 Gaziantep, Tiirkiye earthquake
(Mw 7.8). In a recent study conducted by [63], the relative analysis of the temporal
fluctuation in the b-value was utilized. Similarly, in this chapter, the same method was
implemented to examine the temporal discrepancy of the b-value and determine the
percentage decrease in the b-value leading up to the main event. The highest and lowest b-
values observed in the temporal curve were used to calculate the percentage fall in the b-
value. In Figure 4.39, the highest b-value occurred approximately 2.5 years before a
decline in the b-value was observed prior to the occurrence of the February 6, 2023
Gaziantep, Tiirkiye earthquake (Mw 7.8). The formula employed to calculate the relative

b-value is as follows:

Ab_ bZ_bl

= X 100
b b,

where, the b; is b-value at time t; and b, is the b-value at time t;. Here, the b, = 1.03 and
b;=0.702. The relative fall in b-value is found to be 32 % before the occurrence of the 6th
February 2023 Gaziantep, Tiirkiye Earthquake (M 7.8).

97



1.1 1 = h-value
ﬁ ——=3 b
1 E "\
| Margh2020 "
4.4My A \
@ \\.‘( ¥ “\) January 2 b SA - / Ny
= 0.9 - \I f’ 1 (5.4 Nly) \\./—v \ _// \
| \ l vA I N
2] /
> ' N\ 1 1/ A \/ & \
.é l\ [ Il r\ | Yoy . // Jj\ \\
0.8 I AN NaN W\ \ -
JI { \ I/ \
J \.’\\ i \
. . January 2022 \
0.7 \ J‘(l:tlvf“;o December 2020 (5.2 My) \
J v (5.6 My) b
0.6 T
I 1 I 1 ] I 1 1
Jan 2020 Jan 2021 Jan 2022 Jan 2023 Jan 2024

Time (year)

Figure 4.39: The temporal fluctuation of b-value before the occurrence of 6th February
2023 Gaziantep, Tiirkiye Earthquake (My 7.8).

4.4.5.3. b-value variation with depth

The variation of b-values with depth is an important aspect to consider when studying
seismicity in a specific region ([47], [4], [69]). The b-value is known to exhibit changes
with depth, and these variations can provide insights into the underlying seismogenic
processes. In general, b-values tend to decrease with increasing depth. This means that the
ratio of small to large earthquakes decreases as we go deeper into the Earth. The reasons
for this depth-dependent variation are not fully understood and can vary from region to
region. The stress regime and rock properties can change with depth, influencing the
behavior of earthquakes. At shallow depths, where the stress conditions are relatively
lower, faults may be more prone to small-scale slipping, resulting in a higher b-value. As
depth increases, the stress levels typically increase, favoring larger earthquakes and
reducing the b-value ([46], [8]). Likewise, the frictional characteristics of fault zones can
vary with depth. At shallower depths, fault surfaces may have higher roughness and be
more irregular, allowing for a greater number of small-scale seismic events (higher b-
value). Deeper fault zones may exhibit more smooth surfaces with stronger interlocking,

promoting larger-scale earthquakes (lower b-value). The physical properties of rocks, such
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as their composition and deformation history, can vary with depth. Heterogeneous
structures can lead to variations in stress concentration, fault strength, and seismic
behaviour. These variations can influence the b-value at different depths [4]. It has been
observed that the depth-dependent variation of b-values is not universal and can differ
from region to region. Some regions may show a gradual decrease in b-value with depth,
while others may exhibit more complex patterns with distinct changes at specific depths.
Additionally, the accuracy and quality of seismic data at different depths can also affect the
estimation of b-values. Incorporating information from geophysical surveys, borehole data,
and geological studies can also contribute to a more detailed understanding of the depth-
dependent seismicity patterns in a particular region. It can be observed from the Figure
4.40 that the b-value for the study region varies from 0.7 to 1.01 (as shown in Figure 4.40).
The horizontal lines show the SD observed in b-value while vertical lines show the SD
observed in the depth estimation (as Shown in Figure 4.40). The striking peak has been
observed for the depth range 5 to 10 km and followed by a sharp decline in b-value. This
peak in b-value for these depth ranges can be attribute to the high proportion of large
magnitude earthquake as compared to small magnitude earthquakes. The low b-value
observed for the depth range can be attributed to the fact of stress accumulation in the
lower depth region. The focal depth of the 6 February 2023 (Mw 7.8) is found to be 10
km that falls in the high b-value bin. Moreover, it can be inferred from the Figure 4.41 that
most of the seismic activities are confined in the upper depth region (5 to 10 km) depth

range and very less seismic activity is observed in the deeper depth region.
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Figure 4.40: The depth wise b-value variation for the study region is plotted in the figure.
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Figure 4.41: The depth wise distribution of earthquake events observed in the study region.
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In the present analysis, we have observed a diminishing b-value with increasing depth. [4]
have also made similar implications for the Indo-Burma subduction region. Moreover,
while analyzing the anomalous behavior of b-value ([46], [47], [48]) implicates that the
high b-value observed in deeper region can be attributed to the groundwater interaction or
pore pressure, normal stress reduction and formation of magma cambers deep inside the
earth’s crust. Pore pressure is the term used to describe the pressure that fluids within rocks
or fractures apply. When fluids, such as water or hydrocarbons, inflow into or build up in
subterranean formations, elevated pore pressure can result. Because of the higher fluid
pressure, faults may experience less effective stress, which increases the likelihood that
they would slip and cause earthquakes. Due to the predominance of smaller, more frequent
seismic events, higher b-values can be seen in regions with increased pore pressure. When
the tectonic pressures operating on a fault decrease, the typical stress reduction takes place.
This may occur for several reasons, including as interactions at plate boundaries or the
release of accumulated stress through seismic activity. A higher b-value can arise from a
higher proportion of smaller earthquakes relative to larger ones when the usual stress
lowers. Likewise, volcanic activity or the existence of a magma chamber can potentially
affect the b-value. Increased seismic activity can result from magma intrusion or
movement beneath the Earth's surface because it can distort the nearby rocks and alter their
stresses. The quantity of minor volcanic earthquakes linked to magma movement and
volcanic processes might cause a higher b-value in volcanic zones. Since the epicentral
location of 6™ February 2023 (Myw 7.8) has been observed near the Eastern Anatolian Plate
which is a part of the larger Anatolian Plate, that is being squeezed between the Eurasian
Plate to the north and the Arabian Plate to the south. The collision between these two
plates has led to the uplift of the Anatolian Plate, resulting in the formation of the Eastern
Anatolian Plateau. Studying the variation of b-values with depth requires a comprehensive
earthquake catalog that includes events at various depths, along with robust statistical
methods. Thus, we have applied the K-S non-parametric test to testify the depth wise
variation of b-value for the study region. The b-value is used to characterize the seismicity
of a region. It describes the relationship between the magnitude of earthquakes and their
frequency of occurrence. The K-S nonparametric test can be applied to analyze the depth-
wise b-value distribution in seismic data. The b-value against each depth bin of 5km is
recorded and once the b-value for each depth bin has been estimated, we define the null
hypothesis and alternative hypothesis for the depth-wise b-value distribution. The null

hypothesis could be that the b-values are the same across all depth intervals, while the
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alternative hypothesis could be that there are significant differences in b-values between

different depth intervals. After applying the K-S nonparametric test to compare the b-value

distributions at different depths, we compare the calculated test statistic against critical

values from the K-S distribution. At significance level p = 0.2, the test statistic exceeds the

critical value (as shown in Figure 4.42); thus, we rejected the null hypothesis and

concluded that there are significant differences in the depth-wise b-value distribution. The

K-S nonparametric attributes used to perform depth-wise b-value calculations are listed in

the Table 4.8.

Table 4.8: The table lists the K-S Test Results for depth wise b-value variation.

b-value ECDF Z-value SCDF D-value

0.7 0.077 -2.116 0.018 0.06

0.8 0.154 -1.037 0.151 0.004
0.86 0.231 -0.389 0.349 0.119
0.89 0.308 -0.065 0.475 0.167
0.91 0.385 0.152 0.561 0.176
0.96 0.462 0.691 0.756 0.294
0.97 0.77 0.799 0.788 0.019
1.01 1 1.231 0.891 0.11
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Figure 4.42: The K-S nonparametric test plot showing the difference between the ECDF

and the SCDF to examine the depth wise b-value variation.

By applying the K-S nonparametric test to the depth-wise b-value distribution, we can gain
insights into potential variations in seismic activity at different depths. This analysis can
help understand the seismotectonic characteristics of a region and provide valuable

information for seismic hazard assessment.
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4.5. The Nepal earthquake (9™ November 2022, My 6.3)

4.5.1. Introduction

Nepal, located in the Himalayan belt due to plate collision, faces high earthquake risk. The
convergence of the Indian and Eurasian plates along the India-Nepal border generates
seismic activity. Nepal's fault systems, including the MBT, MCT, and MFT, have caused
major earthquakes [70] (as shown in Figure 4.43). Historical events, like those in 1505,
1833, 1934, and 2015, led to significant casualties and damage, with the 2015 Gorkha
earthquake causing thousands of deaths [71]. Nepal has experienced around 206
earthquakes with My > 5 since 1826 [72]. As one of the most earthquake-prone countries,
Nepal's seismicity is analyzed using statistical techniques in this chapter. The GR method
[2] is used to assess seismicity through the b-value, indicating major to minor earthquake
ratios. This chapter aims to analyze the b-value before the November 9, 2022 earthquake
(Mw 6.3) in terms of space, time, and depth. Unified earthquake data from ISC and USGS
is utilized. Despite previous investigations, the b-value's statistical importance was
overlooked. We conducted a detailed analysis of its spatio-temporal and depth-wise

variations, supported by the K-S test.
4.5.2. Tectonic setup

Nepal's seismic risk is high due to its location where the Indo-Australian and Asian plates
converge, leading to frequent seismic activity (Figure 4.43). The collision of the Indian and
Eurasian plates formed the Himalayas and causes the subduction of the Indian Plate
beneath the Eurasian Plate, generating earthquakes. Various fault zones, including the
MCT, MBT, and MFT, contribute to seismic activity in the region [73]. The Indus-Yarlung
Suture Zone (IYSZ) marks the boundary between the Indian and Eurasian Plates, with
additional faults like the Motihari Gauri Shanker fault (MG) and Karnali fault (KF)

contributing to seismic landscape complexity.

Sharma, V. and Biswas, R. Statistical analysis of seismic b-value using non-parametric Kolmogorov-
Smirnov test and probabilistic seismic hazard parametrization for Nepal and its surrounding regions.
Natural Hazards, 120: 7499-7526, 2024.
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These faults, including the Motihari Everest fault (ME), Arun fault (AF), and
Kanchenjunga fault (KANF), alongside lineaments like the Judi fault (JF) and Thaple fault
(TF), delineate the intricate tectonic processes in eastern Nepal. The geological landscape,

shaped by these fault lines, underscores the region's vulnerability to seismic events.
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Figure 4.43: The tectonic plot of the study region. Yellow star shows epicentral location of
1934 (8.1), 2011 (6.8), 2015 (7.8) and 2022 (6.3) earthquake. The seismic entities include:
The MCT; The MBT; The MFT; The South Tibetan Detachment System (STDS); KTMF;
The IYSZ; KF; AF; JF; ME; TF; MG,; KANF. The inset map is also attached showing study

region.
4.5.3. Data Analysis

Catalogs are essential for seismic research, aiding in identifying seismic sources and
assessing earthquake hazards. We compile an earthquake catalog spanning 1900 to 2022
for the area between latitudes 26° and 32° N and longitudes 80° and 90° E from ISC and
USGS, comprising 3888 events with Magnitude My > 3.5. To ensure accuracy, we

decluster the catalog, removing dependent events like foreshocks and aftershocks, using
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the [11] (as mentioned in Table 2.2 of chapter 2) algorithm with default as implemented in
Zmap [21]. The declustered events are depicted in Figure 4.44.
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Figure 4.44: The plot shows the epicentral location of all the declustered events (2174)

with magnitude My > 3.5.

The earthquake catalog comprises events from ISC and USGS with varying magnitude
scales: mb, Mg, Mp, My, and My. To standardize, all magnitudes are converted to Mw
utilizing conversion equations by [12] and [74] (as mentioned in Table 2.1 of chapter 2).
After converting the whole dataset into a uniform and homogeneous database, Mc is
calculated using the MAXC algorithm [34]. The temporal fluctuation of Mc is best seen in
Figure 4.45.
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Figure 4.45: The fluctuation in the Mc across time. The dotted lines signify the observed
SD in the Mc.

As shown in Figure 4.46, the average value of the M for the study area is 3.7. As a result,
earthquakes with magnitudes My > 3.7 are deemed to be fully represented in the

catalogue.
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Figure 4.46: The FMD curve for the study region. The average b-value and the Mc is also

mentioned in the plot.

4.5.4. b-value estimation

This study employed the Aki-Utsu MLE ([14], [15]) to approximate the mean b-value for
the research area, with standard deviation estimates obtained using the formula developed
by [16]. The average b-value derived from this method is b=0.91+ 0.2, as illustrated in
Figure 4.46. To examine spatial variation, the research area was divided into sixteen grids,
and a moving window approach was employed. The Zmap tool [21] was used to compute
the b-value for each grid. Additionally, the non-parametric K-S test was conducted to
determine the statistical significance of depth-wise and spatiotemporal variation in the b-
value. The spatial distribution of the b-value estimated for each grid is presented in Table

4.9.
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Table 4.9: The spatial distribution of b-value for each square grid is listed in the table.

Longitude () Latitude ()

80-82 26-28 :

80-82 28-30 0.66
80-82 30-32 0.75
82-84 26-28 1.24
82-84 28-30 0.77
82-84 30-32 0.92
84-86 26-28 0.93
84-86 28-30 0.93
84-86 30-32 0.76
86-88 26-28 0.68
86-88 28-30 0.92
86-88 30-32 0.69
88-90 26-28 0.71
88-90 28-30 0.91
88-90 30-32 0.67

4.5.5. Results and Discussions
4.5.5.1. Spatial Analysis of b-value

The geospatial distribution of b-value in Nepal and its surrounding area is depicted in
Figure 4.47, revealing a range of b-values estimated using the Aki-Utsu MLE ([14], [15]).
The b-value varies from 0.66 to 1.24 across the study area (Table 4.9), with corresponding
SD spatially represented in Figure 4.48. Regions with insufficient seismic data yield
undefined b-values, highlighted in grey. Notably, recent earthquakes, such as the one on
November 9, 2022 (6.3), occurred in low b-value zones, suggesting potential future
seismic activity. Statistical significance of b-value distribution was validated using the K-S
non-parametric test. The parameters for the K-S test are detailed in Table 4.10,

emphasizing the importance of statistical methods in analysing seismic data.
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Figure 4.47: The geospatial distribution of the b-value for the study region. The epicentral
location of 2011 (6.8), 2015 (7.8) and 2022(6.3) earthquakes observed in the studied

region is shown by yellow stars.
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Figure 4.48: The geospatial distribution of standard deviation in b-value for the study
region. Yellow star shows the epicentral location of 2011 (6.8), 2015 (7.8) and 2022 (6.3)

earthquake.
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Table 4.10: The parameters used for K-S test to testify the significance of geospatial

distribution of b-value are listed in the table.

b-value Freq Cum ECDF Z-value SCDF D-value
Freq
0.67 1 2 0.143 -0.96 0.169 0.026
0.68 1 3 0.215 -0.898 0.185 0.03
0.69 1 4 0.286 -0.836 0.202 0.084
0.71 1 5 0.358 -0.711 0.239 0.119
0.75 1 6 0.429 -0.462 0.323 0.107
0.76 1 7 0.5 -0.4 0.345 0.156
0.77 1 8 0.572 -0.338 0.368 0.204
0.91 1 9 0.643 0.534 0.703 0.061
0.92 2 11 0.786 0.596 0.725 0.062
0.93 2 13 0.929 0.658 0.745 0.185
1.24 1 14 1 2.586 0.996 0.005

The K-S test evaluates the statistical significance of the geographical distribution of b-
values. In Table 4.10, the parameters for the K-S test are outlined. With a sample size of 14
and significance levels set at p = 0.02 and p = 0.05, the maximum D-value (Dmax = 0.204)
exceeds the critical D-value, indicating a substantial difference in b-value distribution

across the region (Figure 4.49).
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Figure 4.49: The Cumulative probability versus b-value to testify the significance of

geospatial distribution of b-value.
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4.5.5.2. Temporal analysis of b-value

Figure 4.50 illustrates the temporal evolution of the b-value in the examined area. Utilizing
a window of fifty events with a shifting step of ten samples, the b-value exhibited a
decreasing trend prior to the seismic event on November 9, 2022. Studies in Sumatra,
southwest China, Hokkaido, Japan, and southern California also noted correlations
between low b-values and impending earthquakes ([40], [66]). The negative gradient of the
b-value slope preceding significant earthquakes suggests its potential as a precursor. The
temporal fluctuation of the b-value curve in our analysis, showing a decrease before the
November 9, 2022 earthquake, was validated using the non-parametric K-S test, indicating

its statistical significance.
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Figure 4.50: The temporal fluctuation curve of b-value for the study region. The fall in b-
value before 2011 (6.8) and 2015 (7.8) is illustrated in the figure.

The relevance of temporal b-value variations demonstrated with the K-S test. Table 4.11
lists K-S test results. Figure 4.51 indicates Dmax exceeding critical values for significance,

confirming b-value distribution differences.
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Table 4.11: The parameters used to testify significance of temporal variation in b-value

using K-S test.

b-value Freq Cum Freq ECDF Z-value SCDF D-value
0.916 1 1 0.112 -1.08 0.141 0.029
0.918 1 2 0.223 -0.834 0.203 0.02
0.919 2 4 0.445 -0.71 0.239 0.206
0.922 1 5 0.556 -0.34 0.368 0.189
0.925 1 6 0.667 0.031 0.513 0.155
0.927 1 7 0.778 0.278 0.61 0.169
0.93 1 8 0.889 0.648 0.742 0.148
0.941 1 9 1 2.006 0.978 0.023
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Figure 4.51: The Cumulative probability versus b-value to testify the significance of

temporal distribution of b-value.
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4.5.5.3. Depth-wise distribution of b-value

Several studies [75] have inferred that the b-value tends to change with the depth.
Generally, the b-value tends to decrease with depth, meaning that smaller earthquakes are
relatively more common at greater depths compared to larger ones [4]. This pattern can be
attributed to various factors, such as changes in stress, rock properties, and the mechanics
of faulting. At shallower depths, the brittle behavior of rocks may result in a higher
proportion of larger earthquakes, leading to a higher b-value. Conversely, at greater depths,
where rocks may deform ductilely and under higher pressures, smaller earthquakes
become relatively more frequent, resulting in a lower b-value [3]. Understanding the
variation of b-value with depth is crucial for seismic hazard assessment and earthquake
forecasting. Figure 4.52 graphically illustrates the depth wise variation of the b-value for
the study region. We determined the b-value for each window while keeping the Mc
constant, utilizing a sample window of 50 events. The MLE [14] is applied for the
approximation of the b-value for each window. Seismic occurrences predominantly fall
within a depth range of up to 70 km, as depicted in Figures 4.44 and 4.53. Upon visually
examining Figure 4.52, we observed a rapid increase in the b-value for depth ranges of 5 to
10 km and 30 to 40 km, followed by a gradual decrease in deeper regions (depth > 40km).
The decrease in b-value in deeper regions is due to tectonic and geological factors, such as
the transition from brittle to ductile deformation with increasing depth. Higher
temperatures and pressures promote ductile deformation, resulting in fewer but larger-
magnitude earthquakes. Deeper earthquakes in Nepal are often associated with the
subduction of the Indian plate beneath the Eurasian plate. In a recent study, [4] identified a
low b-value in the upper crust, indicating substantial stress accumulation in the Indo-
Burma region of northeast India. In our current study, we observed lower b-values between
10 and 30 kms deep, while noting a sharp increase in b-values between 30 and 40 kms
deep. This notable rise in b-values within this depth range can be attributed to the
occurrence of larger magnitude earthquakes in the study region. Furthermore, we
employed the non-parametric K-S test to assess the statistical significance of depth-wise b-
value variation, deviating from the conventional method of visual analysis. We divided the
70 km depth region into subsections of 5 km depth each and recorded the corresponding b-
value for each subsection to conduct the statistical significance test. Subsequently, the K-S
test was performed on these recorded values. Detailed information about the variables used

to validate the statistical significance of the b-value is provided in Table 4.12. For the K-S
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test, a sample size of n = 12 was utilized, and the significance thresholds were set at 0.05
and 0.02, respectively. The maximum D-value (Dmax) was determined to be 0.118, as
depicted in Table 4.12 and Figure 4.54. In our analysis, it was found that the observed
maximum D-value exceeded the critical D-value at the significance levels of p = 0.05 and
p = 0.02 with n = 12. This outcome of the K-S test confirms the fluctuation observed in
depth-wise b-value variation, as the maximum D-value surpasses the critical D-value. The
tectonic relevance of depth-wise b-value has been a subject of debate among academics

worldwide due to its proven statistical significance using the non-parametric K-S test.
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Figure 4.52: The depth wise distribution of b-value for the study region.
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Figure 4.53: The Depth wise events distribution plot for the study region.

Table 4.12: Parameters of statistical significance of depth wise distribution of b-value

using K-S test.
b-value Freq Cum Freq ECDF Z-value SCDF D-value
0.528 1 1 0.084 -1.955 0.026 0.059
0.615 1 2 0.167 -1.178 0.12 0.048
0.657 1 3 0.25 -0.803 0.212 0.039
0.684 1 4 0.334 -0.562 0.288 0.047
0.711 1 5 0.417 -0.321 0.375 0.043
0.72 1 6 0.5 -0.241 0.406 0.095
0.801 1 7 0.584 0.483 0.686 0.103
0.803 1 8 0.667 0.501 0.692 0.026
0.854 2 10 0.834 0.957 0.831 0.003
0.856 1 11 0.917 0.974 0.835 0.082
0.88 1 12 1 1.189 0.883 0.118
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Figure 4.54: Cumulative probability versus b-value plot illustrating the statistical

significance of depth-wise b-value distribution for the study region.
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