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algorithm was initialized with starting guess values of x¢y=0 and x;=1, and an
Aftershock Decay error tolerance of 0.0001. To validate algorithmic robustness and efficiency, a
Secant Method sensitivity test was conducted, and the method was benchmarked against the
Mogi II Model Bisection method. Results demonstrated that the Secant algorithm achieved
Computational Seismology superior computational efficiency, converging in exactly 10 iterations
Jayapura Earthquake (~0.000115 seconds) compared to Bisection's 18 iterations, while remaining

highly stable under arbitrary extreme initial guesses. The numerical solution
predicted the decay termination at day 12.765, subsequently rounded to 13
days following the mainshock. This finding showed exact agreement with
manual observational data, successfully extrapolating the decay trajectory
beyond the 10-day BMKG recording window. The study concluded that the
Python-based Secant algorithm is effective, rapid, robust, and precise in
solving the Mogi II equation, demonstrating significant potential as an
automated analytical tool to enhance disaster mitigation decision-making.

This is an open access article under the CC BY-SA license.

@00

Corresponden Author:

Rayhan Irfan Hielmy,
Undergraduate Program in Geophysics (STMKG)
Tangerang, Indonesia

Email: rayhanirfanhielmy@stmkg.ac.id

1. INTRODUCTION

Indonesia is a country with a highly complex tectonic setting, situated at the convergence of major
global tectonic plates and traversed by the Circum-Pacific Belt (Ring of Fire). These geological conditions
place Indonesia in a region with a high level of vulnerability to natural hazards, particularly earthquakes and
volcanism. Such sudden-onset disasters have the potential to cause significant loss of life, especially in
archipelagic regions that face logistical accessibility challenges during emergency response [1]. Based on
hypocenter depth, earthquakes are classified into deep, intermediate, and shallow events, with shallow
earthquakes often being the most destructive due to the proximity of the energy source to the Earth’s surface.
Recent studies on active fault activity, as revealed by various damaging earthquakes in Java, indicate that
understanding fault patterns and aftershock activity is crucial for the mitigation of shallow earthquake hazards
[2].

In the seismic activity cycle, the phenomena of mainshocks and aftershocks constitute an inseparable
sequence of events [3]. After the release of the main energy, the Earth’s crust surrounding the rupture zone
undergoes an adjustment process toward a new equilibrium, which triggers a series of aftershocks.
Theoretically, the magnitude and frequency of these aftershocks are smaller than those of the mainshock and
decay over time in accordance with the theories of Stress Change, Energy Transfer, and Readjustment [4].
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Estimating the time at which the aftershock phase ends is vital information for stakeholders in determining a
safe period for communities to resume normal activities. Various empirical statistical methods, such as the
Omori Law, Mogi I, Mogi 11, and Utsu models, have been widely applied to model these decay characteristics
[5]-

Recent comparative studies also show that the selection of an appropriate decay method is highly
dependent on the characteristics of local seismicity data in order to produce accurate predictions of the
termination time [6]. The foundational modified Omori-Utsu formula and its generalized computational forms
remain the global standard for capturing the temporal clustering and relaxation mechanisms of aftershock
sequences [7], [8], [9]. Recent applications of these statistical models have proven highly effective in evaluating
aftershock decay rates in complex fault zones globally, such as the 2023 Tiirkiye earthquake doublet [10], as
well as in highly active subduction zones across Indonesia, including recent seismic sequences in West Sumatra
[11] and Bengkulu [12].

One significant case study is the Jayapura earthquake sequence that occurred in early 2023. The
mainshock, with a magnitude of M 5.4, occurred on January 2, 2023, at a depth of 10 km (coordinates 140.74°E
and 2.53°S), approximately 19 km northeast of Jayapura City, with an intensity reaching IV MMI. Up to
January 11, 2023, a total of 135 aftershocks with magnitudes ranging from 1.7 to 4.9 were recorded in the
region. The distribution of this seismic activity is shown in Figure 1, which visualizes the spatial distribution
of aftershock epicenters in and around the Jayapura area. Previous research concluded that the Mogi II method
provided termination time predictions that were closest to BMKG observational data compared to other
methods for this case [13].
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Fig. 1 Map of aftershock distribution of the Jayapura earthquake, January 2—11, 2023 [13]

The solution of mathematical models for disaster prediction, such as in the Mogi II method, often
involves complex exponential or logarithmic functions. In various fields of science and engineering, problems
involving non-linear mathematical models are often difficult to solve analytically (exactly) due to the
complexity of the equations. When analytical methods cannot be applied efficiently, numerical methods
become the primary approach to obtain approximate numerical solutions [14]. The efficiency of a numerical
method is largely determined by the number of iterations required to achieve convergence with minimal error
[15]. The development of computational-based earthquake decay software has increasingly facilitated the
automated and precise analysis of these parameters, replacing manual calculations that are prone to error [16].

In the context of solving systems of non-linear equations to determine earthquake termination time,
reliable and efficient numerical algorithms are required. Non-linear equations are defined as equations that
seek the value of a variable that satisfies a zero-function condition, for which direct algebraic formulas often
do not exist [17]. The Secant method emerges as an effective numerical solution because it does not require
the calculation of function derivatives, in contrast to the Newton—Raphson method, which requires analytical
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derivatives. This method works by iteratively updating approximation points based on the gradient of a line
passing through two initial points until the desired error tolerance is achieved [18].

This study implements the Secant method using the Python programming language to determine the
termination of aftershock activity. As an object-oriented programming language that is popular among
scientists, Python offers concise syntax, high code readability, and extensive support for numerical libraries
[19]. These features enable the development of aftershock termination algorithms to be faster, easily
modifiable, and compatible with various operating system platforms. Therefore, this research aims to examine
the mechanism and effectiveness of the Python-based Secant numerical method in predicting the end of
aftershock sequences, as well as to compare the validity of the results with previous studies.

2. RESEARCH METHOD

This research was conducted using a numerical computational approach with hardware in the form of
a laptop and software using the Python programming language as the main processing tool. Python was chosen
because it has flexible data structures and reliable numerical libraries for efficiently solving iterative
computational problems [20]. The data used in this simulation are secondary data adopted from previous
studies, sourced from the earthquake catalog of the Meteorology, Climatology, and Geophysics Agency
(BMKG). The dataset includes parameters of aftershock occurrence frequency from the Jayapura Earthquake
event that occurred on January 2, 2023. The spatial scope of the data is limited to coordinates 2.00°S to 2.65°S
and 140.50°E to 141.00°E. The temporal range of the data covers a 10-day critical phase, from January 2, 2023
to January 11, 2023.

The data processing stage was carried out by implementing the mathematical model of earthquake
decay using the Mogi II method into a program algorithm [21]. Based on regression parameters that had been
validated in previous studies, the decay equation of seismic activity (frequency) with respect to time is defined
as follows:

n(t) = 40.9415¢-02908¢ (1)

where n(t) represents the frequency of aftershocks and t is the time (days) after the mainshock. In the context
of a root-finding algorithm, the variable t is substituted with x to conform to standard numerical programming
notation. The objective of this simulation is to determine the time (t or x) when aftershock activity is considered
to have completely decayed, which is assumed to occur when the event frequency approaches one (n = 1).
Therefore, to prevent divergence and enable root-finding, the equation is modified into a zero function (f(x) =
0) by shifting the constant 1 to the left-hand side:

£(x) = 40.9415¢02908x _ 1 )

The iterative algorithm applied to solve the non-linear function above is the Secant Method. This
method requires the initialization of two initial guess values to allow the iteration to proceed; in this study, the
values were set as xo = 0 and x: = 1. To ensure the accuracy of the predicted decay time, the error tolerance
was set to 0.0001. The program was designed to automatically execute repeated calculations, updating the
approximation values based on the secant line gradient, until the relative difference between successive values
falls below the specified tolerance threshold. The systematic workflow of this research methodology, from
variable initialization to obtaining the final decay time result, is visualized in detail in Figure 2.

Input the equation, initial guess values, and calculation tolerance

A 4

Calculate the approximate solution using Python

!

Decay time & error value

Fig. 2 Flowchart of the research methodology
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3. RESULTS AND DISCUSSION
3.1. Python Script and Algorithmic Justification

The programming script developed for this research utilizes a modular structure within a Google
Collaboratory environment. The script imports the math and numpy modules to handle mathematical
operations, as well as the sympy module to evaluate symbolic expressions dynamically. To address
computational efficiency and robustness, two numerical approaches were formulated: the Secant method and
the Bisection method. The core of this program lies in the integration of algorithmic fail-safes. As shown in

Figure 3, a condition is set in the Secant method to prevent division by zero.
1 import math
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Fig. 3 Python script defining the Secant method with fail-safe features
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Fig. 4 Python script defining the Bisection method for comparative analysis

For comparative purposes, the Bisection method is defined in Figure 4. It includes an initial check to
ensure the starting brackets have opposite signs. Both functions are strictly bounded by a maximum iteration
limit to prevent infinite computational loops if the algorithm fails to converge. Furthermore, execution timing

1s embedded within both algorithms to accurately benchmark computational speed.
1 def plot_results{r

2 t_all = np.lin
plt.figure(fig

» MO
_allf[t_all
= 43.9415 * np

label=f 'Ter

=":", alpha=
':", alpha=

Fig. 5 Python script for data visualization and extrapolation
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Fig. 6 The main execution cell compiling the numerical methods and visualizing the output

Figure 5 and Figure 6 display the plotting functionality and the main execution program, respectively.
The Secant method was primarily chosen over gradient-based methods like Newton-Raphson because it
approximates the derivative using secant lines, eliminating the need for complex analytical differentiation of
the Mogi II exponential model, while generally offering faster convergence than the Bisection method.

3.2. Calculation Results and Computational Efficiency

The execution of the program for the Jayapura earthquake case study utilized Equation (2) as the
primary input. To validate the algorithm's stability, the Secant method was initialized with x0 =0 and x1 =1,
while the Bisection method required a wider bracketing interval of a =0 and b = 15. The error tolerance was
strictly set to 0.0001. Furthermore, to address the sensitivity of the initial parameters, the Secant method was
subjected to robustness testing using arbitrary extreme guesses (e.g., X0 = 5 and x1 = 10). The algorithm
demonstrated high stability, consistently converging to the exact same termination point of 12.765 days without
necessitating manual tuning.
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Fig. 7 Output results comparing the iteration steps, absolute error, and execution ti
methods.

As presented in Figure 7, the computational benchmark demonstrates the superior efficiency of the
Secant method for this specific seismic dataset. The Secant algorithm achieved stable convergence in exactly
10 iterations with an execution time of approximately 0.000115 seconds. In contrast, the Bisection method
required 18 iterations and 0.000122 seconds to reach the same tolerance. Both algorithms successfully isolated
the root at approximately 12.765. For practical interpretation in disaster mitigation, this value is rounded up to
13 days following the mainshock.

Validation of this calculation result was conducted by comparing it with data from previous studies,
as presented in Table 1. It is evident that the predicted end time of aftershock activity obtained using the Secant
numerical method, namely 13 days, shows exact agreement with the results of earlier references. This indicates
that the Secant algorithm implemented using Python is capable of working with high accuracy in solving the
non-linear equation of the Mogi II model. Therefore, this method is proven to be valid and effective as an
alternative computational tool for predicting the decay time of aftershock activity.

Table 1. Comparison of Aftershock Termination Time Using the Secant Method and Previous Studies

Aftershock Termination (days) Method Used
13 Secant
13 Previous Study

3.3. Model Validation and Visual Extrapolation

To properly validate the Mogi II model within the local geological setting, the numerical output must
be contextualized against actual seismic observations. The primary BMKG dataset utilized in this study
captures the aftershock frequency trend over a 10-day window (January 2 to January 11, 2023).
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Fig. 8 Visual plot of the Jayapura aftershock decay sequence. The solid blue line represents the 10-day BMKG
observation window, while the dashed red line indicates the Mogi II extrapolation trajectory leading to the predicted
termination point at day 13.

Figure 8 illustrates the decay curve, highlighting the boundary between recorded data and
mathematical prediction. Because the computational termination point occurs at 12.765 days, the period
beyond day 10 represents an extrapolated prediction rather than a direct observation. The algorithm extends
the decay trajectory of the established Mogi II model (dashed red line) until the aftershock frequency falls to
the threshold of 1 event per day. The exact alignment of this extrapolated 13-day termination with the results
of prior manual studies confirms the robustness of the algorithm in projecting the end of the critical phase.

4. CONCLUSION

This study concludes that the implementation of the Secant numerical method using the Python
programming language is proven to be highly effective in predicting the termination time of aftershock activity.
Based on the computational results, an approximate solution value of x =~ 12.765 was obtained, which was
rounded to 13 days. This result shows exact and consistent agreement with the calculations reported in previous
studies, thereby validating the accuracy of the developed algorithm.

Furthermore, computational benchmarking revealed that the Secant method outperformed the Bisection
approach in terms of execution speed (~0.000115s vs ~0.000122s) and iteration efficiency (10 vs 18 iterations).
The algorithm also proved exceptionally robust during sensitivity testing with extreme initial guesses and
successfully extrapolated the termination phase mathematically beyond the 10-day observational limit. The
application of the Secant method offers the advantage of efficiently solving the non-linear equation of the Mogi
IT model without requiring complex analytical differentiation. Furthermore, the support of computational
libraries in Python facilitates easy modification of parameters for different earthquake cases. Therefore, this
numerical approach is highly recommended as a precise, stable, and computationally efficient analytical tool
in seismological studies and disaster mitigation.
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