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Abstract: Mexico is a well-known seismically active country, which is primarily affected by several tectonic plate

interactions along the southern Pacific coastline and by active structures in the Gulf of Baja California. In this

paper we investigate this seismicity in the context of a non-extensive statistical approach based on Tsallis entropy.

The analysis is performed using data from the corrected Mexican seismic catalogue provided by the National

Seismic Service, spanning a period from January 2000 to October 2023. The Gutenberg-Richter law fitting to the

earthquake sub-catalogues for all six regions studied indicates magnitudes of completeness between 3.30 and

3.76. All six regions display values of the entropic index in the range 1.52 ≲ q ≲ 1.61, which are lower than the

previously estimated range 1.54 ≲ q ≲ 1.70 using catalogue data from 1988 to 2010. The cause of this discrepancy

is certainly due to the use of modern recording devices, which are sensitive enough to detect a larger number of

low-magnitude events compared to older instrumentation.

Keywords: gutenberg-richter law; tsallis entropy; non-extensive statistics; earthquakes; mexican seismicity; plate

tectonics

1. Introduction

Non-extensive statistical mechanics (NESM) based on Tsallis formalism [1–3] represents a robust
theoretical framework for the description and interpretation of non-equilibrium complex systems,
including real seismicity, faulting and plate tectonics with a special focus on the mechanism(s) of
earthquake generation. Since earthquakes are often catastrophic events, understanding their physics is
a mandatory aspect of research in seismology and of high priority in many seismic countries.

In particular, Tsallis’ NESM, or q-statistics, is a generalization of the Boltzmann-Gibbs (BG)
statistics with additive entropy into a NESM with a non-additive entropy function that allows the de-
scription of physical processes involving long-range interactions, long-term memories and multifractal
properties [4]. In contrast to GB thermodynamics, a non-additive entropy was indeed necessary to
account for correlations between different elements of the system at all length scales. Such correlations
lead to broad distributions with a power-law asymptotic behavior. For a detailed description of Tsallis’
theory the interested reader is referred to papers and books in Refs.[2,3,5–7]. Since its development,
NESM has been applied to the analysis of the macroscopic properties of earthquakes to both regional
[8,9] and global scales [10]. In a seminal paper, Sotolongo-Costa and Posadas [11] developed a model
for the physical mechanism of earthquake triggering – the so-called fragment-asperity model, based
on the interaction between the fragments, generated by the local breaking of the tectonic plates and
the asperity of the fault planes. Since then, a growing number of papers dealing with the analysis
of seismicity, plate tectonics and precursory electromagnetic anomalies in different regions around
the world have been devoted to demonstrate the consistency between NESM and observations. The
Sotolongo-Costas and Posadas’ [11] model for earthquake magnitudes was extended by Silva et al.
[12] to include a relationship between the fragment size and the earthquake energy, which appears to
be more consistent with the standard theory of seismic moment [13]. This improved formulation leads
to a different earthquake magnitude distribution compared to Sotolongo-Costas and Posadas’ model
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and it was found to fit equally well the magnitude distribution of several regional seismicities and
local seismic zones around the world [14–23].

Mexico’s seismicity is due to the fact that the country lies on the eastern rim of the Ring of
Fire, where a large number of seismic events and volcanic eruptions occur in the basin of the Pacific
Ocean. The country is particularly affected by the interaction between the Cocos Plate and the North
American Plate. Such tectonic plate interactions are responsible for the fragmentation of the Earth’s
crust, which is the likely mechanism for triggering earthquakes. In particular, the seismicity of Mexico
has been previously studied by a number of authors along the past four decades [19,24–35]. A natural
time analysis of six tectonic zones in the Mexican Pacific coast revealed that extreme events could
be expected in the Chiapas region [34]. Most recent analyses of the Mexican seismicity are therefore
related with the deadly M8.2 earthquake [34,35], which was one of the largest Mexican seismic events.
In this case, a precursory behavior three months before the occurrence of the M8.2 earthquake in
Chiapas was identified using natural time [35], which was related with fluctuations of the entropy
change under time reversal and an abrupt simultaneous increase of the Tsallis entropic index q [34]. In
particular, a non-extensive analysis of the seismicity in Mexico based on Tsallis’ q-statistics between
1988 and 2010 along the South Pacific coast, including the regions of Jalisco, Michoacán, Guerrero and
Oaxaca, has been performed by Valverde-Esparza et al. [19]. These four regions are characterized
by different subduction patterns and therefore by different tectonic regimes. They obtained q-values
well in the range of those derived for other regions reported in the literature. For example, for the
Jalisco region their analysis yielded q = 1.7020 against q = 1.6845, 1.6635 and 1.6370 for the Michoacán,
Oaxaca and Guerrero regions, respectively. Since lower values of q indicate more stability, it was
concluded that the subduction zone is more unstable in the northwestern coastline (Jalisco) than in the
southeastern part (Guerrero and Oaxaca). These results are indicative of a possible correlation between
the seismicity pattern associated with the inclination angle of each subduction zone and the value of
the non-extensive parameter q.

In this paper the frequency-magnitude distribution of earthquakes along the entire Pacific coast
of Mexico from the Gulf of Baja California to Chiapas is investigated in the framework of the classical
Gutenberg-Richter (GR) relation and the non-extensive model for earthquakes revisited by Silva et
al. [12]. The investigated seismicity includes six tectonic zones and the period analyzed spans from
January 1, 2000 to October 13, 2023 as referred in the corrected Mexican seismic catalogue provided
by the National Seismic Service (http://www.ssn.unam.mx). This paper is organized as follows.
Section 2 is devoted to a brief description of NESP based on Tsallis entropy along with Silva et al.’s
[12] non-extensive model for the earthquake energy distribution function and cumulative number of
earthquakes. The tectonic setting is briefly described in Section 3, while the dataset description and
analysis procedure are discussed in Section 4. Section 5 describes the results obtained and Section 6
summarizes the relevant conclusions.

2. Non-Extensive Statistical Mechanics

2.1. Non-Additive Tsallis Entropy and Probability Distribution

The integral formulation of the non-additive Tsallis entropy, Sq, for a continuous variable σ ∈ R
can be written as [4]

Sq(σ) =
kB

1 − q

[
1 −

∫ ∞

0
pq(σ)dσ

]
, (1)

where kB is the Boltzmann constant, q ∈ R is the non-extensive index (or parameter), σ stands for the
characteristic surface of a fragment as in the Sotolongo-Costa and Posadas’ [11] model and p(σ) ∈ [0, 1]
is the probability of finding a fragment of surface σ. In the limit q → 1, Equation (1) takes the form of
the BG entropy of classical thermodynamics. Hereafter kB is set to unity for simplicity. Maximization
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of the Tsallis entropy is required to determine p(σ). A standard method relies on the maximization of
the entropy functional [2]

δ fq(p, λ0, λ1) = δ

[
Sq + λ0

∫ ∞

0
p(σ)dσ − λ1⟨σ⟩q

]
= 0, (2)

under the two constraints [2,36]: ∫ ∞

0
p(σ)dσ = 1, (3)

and
⟨σ⟩q =

∫ ∞

0
σPq(σ)dσ, (4)

where λ0 and λ1 are the Lagrange multipliers, ⟨σ⟩q is the generalized q-expectation value defined in
terms of the escort probability [36]

Pq(σ) = pq(σ)

[∫ ∞

0
pq(σ)dσ

]−1
, (5)

with ∫ ∞

0
Pq(σ)dσ = 1. (6)

Application of Equation (2) along with the constraints (3) and (4) yields the area distribution for the
fragments of the fault plates [12]

p(σ)dσ =

[
1 − (1 − q)

(2 − q)
(
σ − σq

)]1/(1−q)
dσ. (7)

Under the assumption that the released relative energy, E, scales with the linear dimension, ρ, as ∼ ρ3,
where ρ3 is the volume size of a fragment, and since the surface size of a fragment scales as ∼ ρ2, the
relation between the size of the fragments and the earthquake energy becomes

σ − σq =

(
E
α

)2/3
, (8)

according to the scaling of the seismic moment with the rupture length [13], where α is the proportion-
ality constant between E and ρ3.

2.2. Cumulative Distribution of Earthquakes

The energy distribution function of earthquakes is obtained by replacing relation (8) into Equation
(7) to be [12]

p(E)dE =
C1E−1/3dE[

1 + C2E2/3
]1/(q−1)

, (9)

where C1 = 2/(3α2/3) and C2 = (q − 1)/[(2 − q)α2/3]. If n(E) is the number of earthquakes of energy
E and Nt denotes the total number of earthquakes, then the probability of the energy is given by
the expression p(E) = n(E)/Nt. Integration of the energy distribution function (9) from Eth to ∞,
where Eth is a threshold energy, and using the relation m = (1/3) ln E [37], where m is the earthquake
magnitude, yields the cumulative number of earthquakes with magnitudes greater than a threshold
value M, namely N>M, in a seismic region [12]

ln N>M = ln Nt + ln
[

1 −
(

q − 1
q − 2

)
102M

α2/3

](q−2)/(q−1)

. (10)
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It must be emphasized that the q-index in Equation (10) is related to the earthquake energy distribution
(9). Equation (10) incorporates the principles of non-extensive thermodynamics into the distribution of
earthquakes as a function of the magnitude and represents a widely used form of the non-extensive
modification of the GR law based on the Tsallis entropy. If the same algebraic steps leading to Equation
(10) are applied based on the classical BG statistics, the following frequency-magnitude is obtained

ln N>M = A − 102MB, (11)

where A and B are data-adjustable parameters. In general, Equation (11) works correctly only for low
seismicity, i.e., for earthquakes with magnitudes ≲ Mc. In Equation (10) the entropic index q takes
values in the interval [1, 2], while the constant α can vary between 10−3 and 1011. In particular, the
q-index is a measure of the length scale of the spatial interactions. A q-value close to unity is indicative
of short-range correlations, while higher values are indicative of long-term interactions and therefore
more instability. In terms of the fragment-asperity interaction model, high values of q are indicative of
fault planes in relative motion and, as a result, of the fact that more seismic events are expected [11].

3. Tectonic Setting

As was pointed out before, Mexico is a seismically-active region because its west coastline lies on
the eastern rim of the Ring of Fire, where several tectonic plates interact. It is well documented that
its seismicity is caused by different tectonic regimes namely, the dispersion zone in the Gulf of Baja
California and two subduction processes caused by the Rivera and Cocos plates, which are subducting
beneath the continental edge of the North American plate. Several studies have been conducted to
investigate the Cocos subduction zone, motivated primarily by the dangerous earthquakes that took
place there. In particular, complete studies of the Mexican subduction regions that take into account
the geometry of the Rivera and Cocos plates can be found in Refs. [25,28,30].

The Gulf of California Rift is part of the East Pacific Rise. It is a spreading boundary where two
tectonic plates are moving away from each other, leading to the formation of a new oceanic crust. It
is also the southern terminus of the San Andreas Fault [38]. The abundance of neotectonic problems
posed by the juxtaposition of the tectonic plates in Mexico, has forced the use of the Global Positioning
System (GPS) technology, which was initially limited to some areas of the Pacific coast and mainly to
the Baja California region. A number of authors [39–44] have investigated these neotectonic problems,
finding that the city of La Paz (Capital of Baja California) is moving southeast relative to the Pacific
plate, which is consistent with the hypothesis that the Baja California Peninsula is not completely
attached to the Pacific plate. The Baja California Seismic Network (NARS-Baja) stations provided a
new dataset to determine some lithospheric properties on a regional scale. These seismicity catalogues
have greatly assisted tectonic studies in the Gulf of Baja California by locating active structures [45].

The Rivera microplate is located just south of the Baja California Peninsula. It is bounded to the
northwest by the East Pacific Rise, to the southwest by the Rivera Transform Fault, to the southeast by
a deformation zone and to the northeast by the Middle America Trench and another deformation zone,
where it is found an important geological feature, the Rivera Triple Junction located at the southern
end of the Baja California Peninsula. It is also described as an R-R-R (ridge-ridge-ridge) type junction,
which lies along the segment of the East Pacific Rise which runs between the Rivera Transform Fault
and the Tamayo Fault, although the third axis of the junction is not clearly defined. Suhardja et al. [46]
investigated the subduction of the Rivera and Cocos plates in the Southwestern Mexico. Their project
MARS (MApping the Rivera Subduction zone) consisted of an array of 50 temporary seismometer
stations to perform the receiver function analysis. They found that the crustal thickness varies from
20 km near the coast to 42 km in the continental interior. The Rivera plate has a dip steeper than the
Cocos plate along the coast and it is about 10 km deeper than was previously estimated by Pardo and
Suarez [28]. The number of seismic imaging studies of the Mexican subduction zone has increased
considerably in this century, unravelling the complex interaction of the tectonic plates. The southern
part of the Mexican Volcanic Belt shows velocities around 0–4 mm yr−1 for its present slip. The
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high-resolution image obtained by the analysis of the MASE (MesoAmerican Subduction Experiment)
seismic data showed that the flat slap is so shallow and stays this way nearly horizontal for 250 km,
lying flat against the continental crust. The Mexican subduction zones could not only be affected by
unusual thicknesses of the incoming oceanic crust, but also by atypical forearc dynamics.

Kazachkina et al. [43] revealed an active shear zone parallel to the Middle America Trench about
650 km long, by using continuous GPS records gathered over a time span of more than a decade
in the Guerrero region. This left-lateral shear zone delimits a wide forearc sliver that moves over
the subducting Cocos plate at a rate of 3–6 mm yr−1 with respect to the North American plate [47].
The long-term effects of this sliver on the subduction dynamics for the unusually shallow Mexican
flat slab are still a matter of research. The subduction in southern Mexico can be approximated by a
subhorizontal slab (the Flat slab) bounded at its edge by the steep subduction geometry of the Cocos
plate beneath the Caribbean plate to the east and of the Rivera plate beneath the North American
lithosphere to the west. Subduction zones are prone to generate strong earthquakes, as is indeed the
case of the Oaxaca and Chiapas regions, which have experienced a few strong events over the years of
magnitude greater than M8 [19].

On the other hand, Carciumaru et al. [48] have recently identified two slab tearings, one on the
Michoacán–Guerrero border and the other in Oaxaca, near the Tehuantepec fracture Transform/Ridge.
The slab tearing on the Michoacán–Guerrero border constitutes an important change in the subducting
slab, while the one near the Tehuantepec fracture Transform/Ridge marks the inflection point of the
trench that slightly changes its trend to the southeast of the Cocos plate convergence rate. However,
the slides on both sides of the Tehuantepec Ridge are different (i.e., 6.43 and 7.2 cm yr−1) [49]. Figure
1 shows a tectonic map of Mexico, where the seismic zones along the west Mexican coastline are
highlighted with different colors. The location of the East Pacific Rise is marked by broken solid lines
and fracture zones are marked by dashed lines. The subduction regime of Oaxaca and Chiapas is
dominated by the Tehuantepec Transform/Ridge. The enhanced seismic tomography performed by
Calò [49] has shown that this fracture is responsible for the vertical propagating tear that controls the
magmatism of the El Chichón volcano [50,51] and has also identified the presence of lateral bending,
windows, tears and incipient fragmentation in the first 200-250 km of the subducted plate.

As shown in Figure 1, in terms of its seismicity the southern part of Mexico can be divided into five
main regions [19]: (1) the Jalisco region to the west, where the Rivera plate subducts at a steep angle,
(2) the Michoacán region, where the dip angle of the Cocos plate decreases gradually in the southeast
direction, (3) the Guerrero zone bounded by the Orozco and O’Gorman fractures, (4) the northern
Oaxaca region, where the subducted slab is nearly subhorizontal and underplates the upper continental
plate for ∼ 250 km, and (5) the southern Oaxaca and Chiapas regions bounded by the Clipperton
fracture, while the Tehuantepec Ridge, which is a linear undersea ridge, extends from the eastern
end of the Clipperton fracture into the Chiapas region, where the dip of the subduction increases
gradually to a steeper subduction of the Central America Trench. In particular, the Tehuantepec Ridge
is one prominent structure of the Cocos plate and its tectonic evolution has not been investigated
in depth yet [52]. The seismicity in the northern part of the Mexican coastline is characterized by
active structures in the Gulf of Baja California, which extends about 1300 km from the fast-spreading
mid-ocean ridge system of the East Pacific Rise to the San Andreas Transform Fault zone in southern
California. In particular, crustal deformation is active over the full length of the Gulf, ranging from
classic ridge-transform structures in the south to diffuse deformation in the north [45,53].
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Figure 1. Tectonic map of Mexico. The seismic regions along the west coastline of Mexico are high-
lighted with different colors. The locations of the East Pacific Rise (broken solid lines) and the fracture
zones (dashed lines), including the Tehuantepec Ridge are shown. The pattern brush stroke of filled
triangles along the southwestern coast represents the subduction zones, with the triangles pointing in
the direction of the subduction.

4. Earthquake Data and Analysis Procedure

In this work we use the corrected Mexican seismic catalogue provided by the National Seismic
Service (DOI: http://www.ssn.unam.mx). The investigated period spans from January 1, 2000 to
October 13, 2023. The spatial distribution of earthquakes in each of the six studied regions in Figure
1 is displayed in Figure 2. The symbols (filled dots) in each region mark the actual location of
the epicenters. The spatial distribution of earthquake epicenters over each region was calculated
using data from the corrected Mexican seismic catalogue with the aid of the ZMAP software for the
analysis of seismic patterns. Darkest zones with the highest concentration of symbols (epicenters) are
indicative of sustained seismic activity. Starting from the second column, Table 1 lists the minimum
magnitude, Mmin, the maximum magnitude, Mmax, the number of recorded events and the magnitude
of completeness, Mc, for each investigated region.

Table 1. Seismic activity along the west coastline of Mexico.

Region Mmin Mmax Number of
earthquakes

Mc

Baja California 1.4 6.8 9579 3.70
Nayarit-Jalisco 2.3 5.9 3774 3.30

Colima-
Michoacán

1.9 7.7 20229 3.45

Guerrero 1.9 7.4 33080 3.65
Oaxaca 1.2 7.5 59803 3.46
Chiapas 1.6 8.2 67008 3.76
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Baja California

Nayarit Jalisco Colima Michoacán

ChiapasOaxacaGuerrero

Figure 2. Spatial distribution of recorded earthquakes in the six regions investigated along the west
coastline of Mexico. The symbols mark the location of the earthquake epicenters.

The Oaxaca and Chiapas regions display the largest numbers of earthquakes, while the Jalisco
region has the lowest activity. The minimum magnitude varies from region to region in the interval
between 1.2 (Oaxaca) and 2.3 (Jalisco). During the period investigated, the strongest earthquakes
occurred in Chiapas with a magnitude of 8.2 and Michoacán with a magnitude of 7.7. With the
exception of Baja California and Jalisco, all regions have experienced earthquakes with magnitudes
M > 7. The magnitudes of completeness in the last column of Table 1 was calculated from the recorded
data using the method of maximum likelihood estimation (MLE).

The data are first analyzed in terms of the classical GR law

log N>M = a − bM, (12)

where the parameter a quantifies the seismicity rate of a region and b is the slope of the cumulative
distribution, which is close to unity for tectonic earthquakes. This log-linear dependence of the number
of earthquakes of magnitudes greater than M on the value of M fails for low and large magnitudes
where the dependence deviates from linear. A non-extensive description of the catalogue data is
here obtained using the normalized cumulative distribution, N>M/Nt, given by Equation (10). For
each region the value of the non-extensive parameters q and α are estimated by fitting the observed
distribution with the non-extensive model of Equation (10). This was done by means of a minimization
procedure using two different algorithms, namely the differential genetic evolution (DGE) [54] and the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) optimization algorithm [55].

5. Results

5.1. The Gutenberg-Richter (GR) Law

The classical GR law (12) has played an important historical role in seismology because it was long
used to characterize local seismicity and estimate magnitudes of completeness. However, its graphical
representations for different catalogues show that it cannot reproduce the correct dependence for the
smallest magnitudes. It also fails to describe the energy distribution for large magnitudes. In other
words, the linear fitting of the GR law cannot account for magnitudes lower than Mc and in general
is not representative of extreme seismic events. Therefore, when plotting the frequency-magnitude
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relation its reliability is limited to a range of intermediate magnitudes for which the linear fitting
matches the observed data.

Figure 3 depicts the GR law for the six regions examined. In each plot the red line shows how
well the linear fitting of the GR law reproduces the catalogue data. In all cases, the GR relation is
satisfied for magnitudes > Mc and smaller than about 5. The worst case corresponds to the Oaxaca
catalogue where magnitudes larger than ∼ 4 does not fit the GR law. To the left of the cumulative
distribution the frequency distribution of earthquakes as a function of the magnitude is also depicted
for each investigated region (empty squares). In all cases the distributions peak close to the magnitude
of completeness, implying that in all regions earthquakes with magnitudes 3.3 ≲ M ≲ 3.76 are much
more frequent, while stronger events are towards the right tail of the distribution. The values of the
parameters a and b in Equation (12) are sensitive to whether or not the cumulative distribution is
normalized to the number of earthquakes. Table 2 displays the values of a and b for both cases.
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Figure 3. GR law (red line) fitted to the earthquake sub-catalogue for each of the six regions investigated
(filled squares). For each region the frequency distribution of earthquakes as a function of the magnitude
is depicted to the left of the cumulative distribution (empty squares).

Table 2. GR-law parameters a and b for the six regions investigated.

Region a for N>M (non-
normalized)

b for N>M (non-
normalized)

a for N>M/Nt
(normalized)

b for N>M/Nt
(normalized)

Baja California 7.010 −0.991 3.236 −1.031
Nayarit-Jalisco 6.814 −1.135 4.435 −1.416

Colima-
Michoacán

7.518 −1.148 5.480 −1.743

Guerrero 8.280 −1.243 4.132 −1.345
Oaxaca 8.634 −1.327 4.925 −1.574
Chiapas 9.266 −1.359 4.006 −1.273

When the GR law is not normalized with respect to the total number of earthquakes per region,
the b-values are closer to unity than when they are normalized. In general, values of the slope close to
unity mean that these regions are all seismically active. The normalized a-values are all greater than
4 with the exception of the Baja California region where a ≈ 3.24. When N>M is not normalized the
a-values are higher than the normalized ones by factors of about 2.
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5.2. Non-Extensive Analysis

For each region the value of the non-extensive parameters are estimated by fitting the observed
distribution with the non-extensive model of Equation (10). The best fitting is obtained when the
square-2 norm attains either a minimum value or reaches a fixed value by using two consecutive
procedures. First, the Monte Carlo method was applied to evaluate Equation (10) in the intervals
reported by Valverde-Esparza et al. [19], i.e., 1 < q < 2 and α ∈ (10−3, 1011). The initial value of the
entropic index, q0, is set equal to 1.5, while α0 is chosen randomly from a million values between 10−3

and 1011 so that optimal intervals around these initial values are defined to be q0 ± 0.2 and α0 ± 10−3

and a couple of initial values (q0, α0) is then proposed. The second procedure consists of using the
selected couple of values (q0, α0) as the initial guess for the DGE and BFGS algorithms to obtain the
values of q and α. A common drawback of these methodologies is that the optimal initial values q0

and α0 leading to a minimum error are unknown and therefore they must be varied by trial and error
until a satisfactory error level is found. The second, third, fourth and fifth columns of Table 3 list the
optimal initial values of q0 and α0 for which a minimum error along with stable values of q and α were
obtained.

Figure 4 shows the computed cumulative distribution of events for the Baja California and Jalisco
regions. The solid curves represent the best fit model functions. The plots on the left side correspond
to the best fit to the empirical data as obtained with the DGE method, while those on the right side
are the fits obtained using the BFGS method. The fourth and fifth columns of Table 3 list the values
of q and α from the DGE fitting, while those in the sixth and seventh columns list those from the
BFGS fitting. Both methods yield the same values of α for both regions, i.e., α ≈ 6.88 × 1010 (Baja
California) and α ≈ 1.98 × 1010 (Jalisco). Conversely, the q-values are more sensitive to the choice of
the optimization method. For example the DGE method yields q = 1.60 (Baja California) and 1.56
(Jalisco), while the BFGS method produces slightly different values (i.e., q = 1.55 for the Baja California
region and q = 1.57 for the Jalisco region).
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Figure 4. Normalized cumulative distribution of earthquakes for the seismicity monitored in the Baja
California (upper plots) and Jalisco (lower plots) regions (filled dots). The red solid curves correspond
to the fittings based on Equation (10). In each case the left and right plots depict the fitting as obtained
using the DGE and BFGS method, respectively.

Table 3. Non-extensive Tsallis’ entropic parameters for the six regions investigated.

Region q0 (DGE) α0 (DGE) q (DGE) α (DGE) q (BFGS) α (BFGS)

Baja
California

1.50 6.87(10) 1.60 6.878(10) 1.55 6.878(10)

Nayarit-
Jalisco

1.56 1.97(10) 1.56 1.978(10) 1.57 1.978(10)

Colima-
Michoacán

1.58 1.50(10) 1.59 1.559(10) 1.60 1.559(10)

Guerrero 1.50 8.40(10) 1.54 5.432(10) 1.55 5.432(10)
Oaxaca 1.59 2.70(10) 1.53 2.746(10) 1.61 2.746(10)
Chiapas 1.60 2.13(11) 1.58 2.134(11) 1.59 2.134(11)

Oaxaca
(part 1)

1.60 8.90(9) 1.50 8.913(9) 1.61 8.913(9)

Oaxaca
(part 2)

1.60 8.00(9) 1.59 8.000(8) 1.61 8.913(9)
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As an example, the error calculated as the difference between the computed and cumulative value
as a function of q0 and α0 is displayed in Figure 5 for the case of Baja California when the iteration
was performed using the BFGS method. This plot exemplifies the procedure followed to obtain the
minimum error. Similar plots were obtained for all other regions. The minimum error is achieved
when q0 = 1.50 and α0 = 6.87 × 1010. For this case the value of the error is stable for α0 > 1010. On the
other hand, Figure 6 shows the best fits obtained for the Michoacán and Guerrero regions using the
DGE and BFGS methods. The DGE analysis yields q-values of 1.59 (Mochoacán) and 1.54 (Guerrero),
while the BFGS analysis results in slightly higher values, i.e., 1.60 (Michoacán) and 1.55 (Guerrero).
These values are comparable to the ones obtained for the Baja California and Jalisco regions, which
according to Table 1 have a much lower incidence of events compared to Michoacán and Guerrero.
Therefore, this suggests that all these four regions are equally unstable independently of the historical
record of earthquakes.

log10 (a0 )

q0

Figure 5. Runs performed by varying the initial entropic parameters q0 and α0 to determine the optimal
guess leading to the minimum error. The figure corresponds to the case of the Baja California region
using the BFGS method.
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Figure 6. Normalized cumulative distribution of earthquakes for the seismicity monitored in the Mi-
choacán (upper plots) and Guerrero (lower plots) regions (filled dots). The red solid curves correspond
to the fittings based on Equation (10). In each case the left and right plots depict the fitting as obtained
using the DGE and BFGS method, respectively.

Finally, Figure 7 shows the normalized cumulative distribution function for the Oaxaca and
Chiapas regions. These two regions have the largest numbers of recorded earthquakes (see Table
1). However, their estimated entropic indices are q = 1.53 (Oaxaca) and q = 1.58 (Chiapas) when
the analysis was performed using the DGE method. Again a much higher value of q(= 1.61) was
obtained for the Oaxaca region with the BFGS method, while only a slightly higher value (q = 1.59)
was estimated for the Chiapas region. The results show that the distribution of recorded events can be
well described by the generalized GR law given by Equation (10), especially for low magnitudes with
q entropic indices between 1.53 and 1.60 when using the DGE method and between 1.55 and 1.61 when
using the BFGS method. A comparison between both methods (Figures 4, 6 and 7) shows that BFGS
performs slightly better than DGE. However, for the Baja California region DGE appears to perform
better than BFGS since the latter deviates substantially from the observed data for M > 5 compared to
the former method.
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Figure 7. Normalized cumulative distribution of earthquakes for the seismicity monitored in the
Oaxaca (upper plots) and Chiapas (lower plots) regions (filled dots). The red solid curves correspond
to the fittings based on Equation (10). In each case the left and right plots depict the fitting as obtained
using the DGE and BFGS method, respectively.

From the analysis of the frequency-magnitude distributions of all six regions, it is clear that the
fragment-asperity model describes the seismic behavior of the western Mexican coastline fairly well,
perhaps except at the largest magnitudes towards the lower end of the distributions. This feature is
more prominent for the Baja California region (Figure 4). In other words, the entropic index q describes
the complexity of the tectonic system along the Pacific coast of Mexico with values between 1.50 and
1.60, supporting sub-additivity of the frequency-magnitude distribution of earthquakes. A previous
non-extensive analysis of seismicity in Mexico, spanning the period from 1988 to 2000, have yielded
values of the entropic index in the interval 1.663 ≲ q ≲ 1.702 for the southern Mexican seismicity,
comprising the regions of Jalisco, Michoacán, Guerrero and Oaxaca [19]. These values are, however,
larger than those reported by the present analysis. A possible cause of this difference can be attributed
to the use of improved seismic recording equipment during the last decade, which is more sensitive to
the detection of low-magnitude events than older instrumentation, and to the increasing number of
seismic stations. Increasing the number of recorded earthquakes of low magnitude will contribute to
lower the estimated values of the entropic index q.

A close inspection of the two upper plots of Figure 7 for the Oaxaca region reveals that the
observed data for magnitudes > Mc are characterized by at least three different slopes for low
(Mc ≲ M ≲ 4.5), intermediate (4.5 ≲ M ≲ 6.4) and large (M ≳ 6.5) magnitudes. This means that
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it is not possible to fit a unique curve for the whole range of magnitudes in the Oaxaca region as
was first reported by Valverde-Esparza et al. [19]. In particular, the crossover at a magnitude of
about 4.5 is indicative of the Oaxaca region being characterized by two different subduction processes
since this region comprises the earthquakes that took place in the zones between the Tehuantepec
Transform/Ridge and the Clipperton fracture (Oaxaca, part 2) and the zones between the Clipperton
and O’Gorman fractures (Oaxaca, part 1). Figure 8 shows the normalized cumulative distribution of
events for both sub-regions as obtained with the DGE (left plots) and BFGS (right plots) optimization
methods. These fits provided values of q = 1.50 with the DGE method and q = 1.61 with BFGS method
for Oaxaca, part 1 and values of q = 1.59 with the DGE method and q = 1.61 with the BFGS method
for Oaxaca, part 2 (see Table 3). It is clear that the q-values for the Oaxaca, part 2 sub-region are closer
to those for the Chiapas region, while those derived for the Oaxaca, part 1 sub-region are closer to
those corresponding to the Guerrero region. This latter statement is at least valid for the DGE values.
We note that the same is not necessarily true for the BFGS values where q = 1.61 for the complete and
the two sections of the Oaxaca catalogue.
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Figure 8. Normalized cumulative distribution of earthquakes for the seismicity monitored in the
Oaxaca sub-regions, part 1 (upper plots) and part 2 (lower plots). The filled dots corresponds to the
monitored catalogue data, while the red solid curves correspond to the fittings based on Equation (10).
In each case the left and right plots depict the fitting as obtained using the DGE and BFGS method,
respectively.
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6. Conclusions

A seismic analysis of magnitude catalogues from 2000 to 2023 of the Mexican South Pacific
was performed by means of the NESM approach based on the Tsallis formalism. We analyzed six
regions along the west coastline of Mexico, namely Baja California, Jalisco-Nayarit, Colima-Michoacán,
Guerrero, Oaxaca and Chiapas, which are characterized by different tectonic regimes. The seismicity
of the Gulf of Baja California (Cortes Sea) is caused by the dispersion zone which is a continuation of
the San Andreas Fault. In contrast, the seismic activity in the Jalisco-Nayarit and Colima-Michoacan
regions is mainly due to the subduction process of the Rivera plate, while the seismicity of the Guerrero,
Oaxaca and Chiapas regions is mainly caused by the subduction of the Cocos plate. In both cases
the plates are subducting beneath the continental edge of the North American plate. The relevant
conclusions are summarized as follows:

1. According to the Gutenberg-Richter (GR) law all six regions have magnitudes of completeness in
the range between 3.30 and 3.76, implying that along the Pacific coast of Mexico earthquakes
with magnitudes in this range are more frequent.

2. The Oaxaca and Chiapas regions share the largest number of earthquakes, while the regions of
Jalisco and Baja California have the lowest activity.

3. The GR-law parameters a and b are sensitive to whether or not the cumulative distribution is
normalized to the number of earthquakes. In particular, the normalized b-parameter is close to
unity for all six regions, meaning that they are all seismically active.

4. A non-extensive model fitting with the observed distributions of earthquakes was obtained using
two different optimization methods, namely the differential genetic evolution (DGE) and the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm. The entropic index, q, and the parameter,
α, as derived from both methods show little differences, which for q are less than about 0.05 for
all cases studied.

5. The α-values ranged between 1.559 × 1010 (for the Colima-Michoacán region) and a maximum
value of 2.134 × 1011 (for the Chiapas region).

6. The whole range of magnitudes recorded for the Oaxaca region cannot be fitted by a unique
curve since for magnitudes close to 5 the slope of the normalized cumulative magnitude distri-
bution changes, implying a clear crossover for this region. When both sub-regions are analyzed
separately both optimization methods predict lower values of α.

7. A value of q close to unity is indicative of short-range correlations, while higher values are
indicative of long-term interactions and, therefore of more instability. In terms of the fragment-
asperity interaction model, values of q > 1 are indicative of fault planes in relative motion,
implying that more seismic events are expected. All six regions display values of q greater
than 1.52, suggesting instability and long-term correlations. In particular, the regions of Baja
California, Colima-Michoacán and Chiapas had the largest values of q between 1.58 and 1.60.

8. In comparison with a previous similar analysis spanning the period from 1988 to 2010, updated
estimates of q were obtained to be from 1.70 to 1.56-1.57 for Jalisco, from 1.68 to 1.59-1.60 for
Michoacán, from 1.64 to 1.54-1.55 for Guerrero and from 1.66 to 1.53-1.61 for Oaxaca. The
predicted lower values of q are a consequence of the use of new instrumentation, which is more
sensitive to the detection of low-magnitude earthquakes.
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