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Abstract

The Gulf of California Rift System is an active continental rift characterized by heterogeneous
seismicity, requiring a comprehensive evaluation of regional seismotectonic conditions. This study aims
to characterize the spatial heterogeneity of seismotectonic conditions by integrating the magnitude of
completeness M., Gutenberg-Richter b-value, and apparent stress. Earthquake data from the United
States Geological Survey (1900-2026) were declustered using the Gardner Knopoff algorithm, Mc was
estimated using the Entire Magnitude Range method, b-value was calculated using maximum likelihood
estimation, and apparent stress was derived from radiated seismic energy and seismic moment. The
results indicate that Mc ranges from 3.6 to 5.4 Mw, b-values vary between 0.51 and 2.08, and apparent
stress ranges from 0.00 to 0.21 MPa. Low b-values are concentrated around Tijuana Mexicali, whereas
the highest apparent stress occurs near La Paz. The limited spatial correspondence between these
parameters indicates that earthquake-size distribution and source energetics reflect different aspects of
regional. These findings demonstrate that integrating b-value and apparent stress provides
complementary information for characterizing regional seismotectonic heterogeneity and improving
seismic hazard assessment in active continental rift systems.

Keywords: Gulf of California Rift System; Gutenberg-Richter b-value; apparent stress; seismic hazard,

seismotectonic heterogeneity
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Highlights

e Seismotectonic heterogeneity was assessed using Mc, b-value, and apparent stress.

e Low b-values were concentrated around the Tijuana—Mexicali region.

o The highest apparent stress occurred in the southeastern region near La Paz.

e b-value and apparent stress show limited spatial correspondence.

e Integrated seismic parameters provide complementary insights into rift dynamics.
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1. Introduction

Continental rifting is one of the most fundamental geodynamic processes governing the evolution of
the Earth's lithosphere because it controls continental breakup, the formation of new ocean basins, and
the development of plate boundaries (Brune et al. 2023; Tugend et al. 2024; Yu et al. 2025; Zheng et al.
2026). Unlike subduction zones and mid-ocean ridges, which develop along well-defined plate
boundaries, continental rift systems evolve within thick and compositionally heterogeneous continental
crust(Barr 2022; Nixon et al. 2026; Sager et al. 2022; Zwaan et al. 2024). Consequently, crustal
deformation is controlled by the interaction of tectonic extension, brittle faulting, magmatic intrusion,
fluid migration, and variations in crustal rheology (Axen 2024; Jin et al. 2022; Yang et al. 2025). The
interaction among these processes produces complex spatial and temporal patterns of crustal
deformation, seismic activity, and stress evolution.

One of the most representative examples is the Gulf of California Rift System in northwestern Mexico,
which is currently undergoing the transition from continental rifting to oceanic crust formation (Alva-
Valdivia et al. 2021; Manatschal et al. 2021). This region accommodates the relative motion between
the Pacific Plate and the North American Plate through a tectonic system composed of transform faults,
normal faults, and spreading centers (Furlong et al. 2024; Journeau et al. 2026; Tian et al. 2024; Withers
et al. 2023; Zhao et al. 2023). The interaction among these tectonic structures generates significant
spatial variations in seismicity as a consequence of differences in fault geometry, crustal composition,
tectonic loading, magmatic activity, and deformation mechanisms (Abdelfattah et al. 2025; Earth 2026b,
2026a; Zhao et al. 2026). Therefore, evaluating the spatial variability of seismic characteristics
associated with stress conditions in the Gulf of California Rift System is essential for improving our
understanding of earthquake generation mechanisms and seismic hazard within an actively evolving
plate boundary system.

Statistical seismology provides a range of effective approaches for evaluating stress conditions,
seismicity patterns, and crustal heterogeneity in tectonically active regions (Abdalzaher et al. 2024; Bi
et al. 2026; D’ Alessandro 2026). One of the most widely used parameters is the Gutenberg-Richter b-
value, which describes the relationship between earthquake frequency and magnitude (Boulanouar et

al. 2025; Geffers et al. 2023; Islam et al. 2023; Pisarenko et al. 2023; Polat 2022; Raz et al. 2018; Tiwari
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& Paudyal 2023; Yamagishi et al. 2021). Spatial variations in b-value are commonly interpreted as
indicators of differential stress and crustal heterogeneity, where low b-values generally reflect higher
stress accumulation and an increased likelihood of large-magnitude earthquakes, whereas high b-values
are typically associated with greater structural heterogeneity and the predominance of small-magnitude
events (Chang et al. 2025; Peng et al. 2021; Zafar et al. 2022). However, b-value variations are
influenced not only by stress conditions but also by geological factors such as temperature, fluid
pressure, fracture distribution, and rock properties; therefore, their interpretation should consider the
geological setting comprehensively (Gao et al. 2024; Huang et al. 2025; Ma et al. 2026; Mukubhira et
al. 2024; Zhu et al. 2021). Another important parameter is apparent stress, which represents the effective
stress during earthquake rupture based on the relationship between radiated seismic energy and seismic
moment. Unlike the b-value, which primarily reflects long-term stress accumulation inferred from
earthquake population characteristics, apparent stress characterizes the efficiency of seismic energy
release during rupture (Petersen et al. 2022; Wech 2021; Wirth et al. 2022). Consequently, integrating
b-value and apparent stress provides complementary information by linking stress accumulation prior
to earthquake occurrence with energy release during rupture, thereby enabling a more comprehensive
assessment of stress evolution within active continental rift systems.

Previous studies have extensively investigated seismicity patterns, crustal deformation, fault behavior,
and stress variations in the Gulf of California Rift System as well as in other tectonically active regions
(Bonini et al. 2019; Castro et al. 2017, 2018, 2018; Chousianitis et al. 2024; Console et al. 2022; Cruz-
Hernandez et al. 2023; Johnson et al. 2017; Lizarralde et al. 2007). The b-value has been widely applied
to identify spatial variations in seismicity and stress conditions, whereas apparent stress has primarily
been used to characterize earthquake source properties and seismic energy radiation (Gomez Alba et al.
2020; Nampally et al. 2018; Sainoki et al. 2023). Nevertheless, these two parameters have largely been
examined independently, leaving the relationship between stress accumulation and seismic energy
release insufficiently understood. Although both parameters provide complementary perspectives,
studies integrating b-value and apparent stress to characterize the spatial heterogeneity of stress
conditions within the Gulf of California Rift System remain relatively limited ( Abdelfattah et al. 2020;

Danciu et al. 2024; Siino et al. 2018). Such integration is particularly important because regions
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experiencing high stress accumulation do not necessarily exhibit similar patterns of seismic energy
release. Therefore, the combined application of these two parameters is expected to provide a more
comprehensive understanding of earthquake generation processes in continental rift environments.
Based on these considerations, an integrated approach is required to achieve a more comprehensive
understanding of stress variations and seismic energy release within active continental rift systems.
Therefore, this study integrates Gutenberg-Richter -value and apparent stress analyses to characterize
the spatial heterogeneity of seismic parameters that reflect the distribution of tectonic stress within the
Gulf of California Rift System. Specifically, this research aims to evaluate the relationship between
stress accumulation and seismic energy release, identify zones exhibiting anomalous b-value and
apparent stress indicative of spatial variations in stress conditions and rupture characteristics, and
improve the understanding of seismotectonic evolution during the transition from continental rifting to
oceanic crust formation.

2. Method

This study focuses on the Gulf of California Rift System, northwestern Mexico (see Figure 1). The
earthquake catalog used in this study was obtained from the United States Geological Survey (USGS)
(https://earthquake.usgs.gov/earthquakes/search/), and includes earthquake origin time, epicentral
location, focal depth, magnitude, and related seismic parameters for the period 1900-2026. Because this
study focuses on shallow crustal seismicity associated with active faulting and rifting, the analysis was
restricted to earthquakes with focal depths <50 km. This depth range emphasizes seismicity occurring
within the brittle crust, where earthquake activity is predominantly associated with active faulting and
shallow crustal deformation. Earthquakes occurring at these depths are closely related to brittle faulting
and active tectonic processes. Because the USGS catalog contains earthquakes reported using different
magnitude scales, all magnitudes were converted to moment magnitude (Mw) to produce a
homogeneous earthquake catalog for subsequent statistical analyses. The final dataset contains
earthquakes with magnitudes Mw <6.

2.1 Declustering Earthquake Data

Prior to the seismotectonic analyses, the earthquake catalog was processed using a declustering

procedure to remove dependent events, including aftershocks, foreshocks, and earthquake clusters. The
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presence of these dependent events may distort the earthquake frequency magnitude distribution and
introduce bias into the estimation of seismic parameters, particularly the Gutenberg-Richter b-value.
Declustering was performed using the method proposed by Gardner and Knopoft (1974). This method
identifies dependent earthquake sequences based on magnitude-dependent spatial and temporal
windows, thereby retaining only statistically independent earthquakes (background seismicity). The
resulting declustered catalog was subsequently used for the estimation of the Magnitude of
Completeness (Mc), b-value, and apparent stress, ensuring that the analyses represent the regional
background seismicity rather than clustered seismic activity.
2.2 Magnitude Completeness Calculation
The Magnitude of Completeness (Mc) was estimated using the Entire Magnitude Range (EMR) method
proposed by Woessner and Wiemer (2005). The EMR method models the earthquake frequency-
magnitude distribution as a combination of a cumulative normal distribution representing the
incomplete portion of the earthquake catalog and an exponential Gutenberg-Richter distribution
representing the complete portion. Compared with commonly used approaches such as the Maximum
Curvature (MAXC), Mc by Best Stability (MBS), and the Goodness-of-Fit Test (GOF), the EMR
method utilizes the entire magnitude range, resulting in a more stable and reliable estimate of Mc,
particularly for heterogeneous earthquake catalogs (Wajedy et al. 2026). The estimated Mc was
subsequently adopted as the minimum magnitude threshold for all b-value calculations to ensure that
only statistically complete earthquake events were included in the analysis.
2.3 b-value Calculation
The relationship between the frequency of earthquake occurrence and earthquake magnitude is
represented by the Gutenberg-Richter relationship, which provides the basis for statistical seismicity
analysis to characterize the magnitude distribution of earthquakes (Gutenberg & Richter 1956). The
relationship is expressed as follows:

logioN(M) = a — bM
where N (M) represents the cumulative number of earthquakes with magnitudes greater than or equal
to (M), (a) is a constant that describes the level of seismic activity in a region, and (b) is a parameter

that controls the relative frequency distribution between small- and large-magnitude earthquakes.
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In this study, the spatial distribution of the b-value was estimated using the Maximum Likelihood
Estimation (MLE) method proposed by Aki (1965). Before the calculation, only earthquakes with
magnitudes greater than or equal to the Magnitude of Completeness M, were included to ensure that
the earthquake catalog was complete for the frequency-magnitude analysis. The b-value was calculated
using the following equation (Wajedy et al. 2026):

loge

b= =, —am2)

(1)

where b is the Gutenberg-Richter parameter, M is the mean magnitude of earthquakes with M > M_,
AM is the magnitude-bin width, set to 0.1 in this study, and M, is the magnitude of completeness
estimated using the EMR method. The b-value represents the relative proportion of small- and large-
magnitude earthquakes within a complete earthquake population. A low b-value indicates a relatively
greater proportion of moderate- to large-magnitude earthquakes, whereas a high b-value indicates a
relatively greater proportion of small-magnitude earthquakes, including variations in differential stress,
fault structure, material heterogeneity, and other geological factors (Wajedy et al. 2026).

2.4 Apparent Stress

Apparent stress is calculated to quantify the efficiency of seismic energy release during earthquake
rupture based on the relationship between radiated seismic energy and seismic moment. This parameter
represents the proportion of strain energy released as seismic waves during the rupture process and is
therefore widely used to evaluate earthquake source characteristics and variations in stress conditions
within active tectonic regions. In this study, the spatial distribution of apparent stress was used to
identify variations in seismic energy release and was subsequently compared with the b-value
distribution to evaluate the relationship between stress accumulation and seismic energy release.

Following Wyss (1970), apparent stress was calculated using the following equation:

Es

Oy = IJ-M_O (3)

where u is the shear modulus (assumed to be 3 x 10'° Pa), E; is the radiated seismic energy, and M,

represents seismic moment. These two parameters describe the relationship between the seismic energy
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released during the rupture process and the size of the earthquake source in the calculation of apparent
stress.

The radiated seismic energy E¢ was estimated using the empirical relationship developed by Gutenberg
and Richter (1956), which relates Moment Magnitude Mw to radiated seismic energy. The relationship

is expressed as follows (Wajedy et al., 2026):

M,, — 2.476

log Es = 1'5( 0.6016

>+ 11.8 @)

where E; represents the radiated seismic energy expressed in joules. This equation was used to estimate
the amount of seismic energy released during the rupture process, allowing the resulting energy values
to be used as the basis for calculating apparent stress.

The seismic moment M was calculated using the empirical relationship between Moment Magnitude
M; and seismic moment as follows:

M, = 10(1:5Mw+161) (5)
where M, is the seismic moment expressed in dyne-cm. This parameter represents the size of the
earthquake source and was used together with the radiated seismic energy to obtain apparent stress
values, allowing the efficiency of seismic energy release for individual earthquake events to be
quantitatively evaluated. To obtain a spatial distribution that could be directly compared with the b-
value, the apparent stress calculation was performed using the same moving-window configuration,
with a search radius of 50 km and a minimum of 20 earthquake events at each calculation point (Wajedy
et al. 2026; Wajedy 2026). Using an identical configuration ensures that both parameters are calculated
from comparable earthquake populations, allowing their spatial relationship to be evaluated
consistently.

3. Results

3.1 Magnitude Completeness Distribution

The spatial distribution of the magnitude of completeness (M,) obtained using the Entire Magnitude
Range (EMR) method shows clear heterogeneity across the Gulf of California Rift System (see Figure
2). The M, values range from 3.6 to 5.4 Mw, with a regional difference of approximately 1.8 magnitude

units. The lowest Mc values, approximately 3.6-4.1 Mw, are concentrated in the northern part of the
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study area, particularly around Tijuana, Mexicali, and San Felipe, whereas higher values, approximately
4.8-5.4 Mw, are mainly observed in the southern part, particularly around La Paz and the southeastern
Gulf of California.

This pattern indicates that earthquake catalog completeness is not spatially uniform. The northern region
has a lower completeness threshold, allowing smaller-magnitude earthquakes to be included in the
population of earthquakes considered complete. In contrast, the higher Mc values in the southern part
indicate that a higher magnitude threshold is required in this region to obtain an earthquake population
that can be considered complete. This spatial pattern of Mc provides the basis for determining the
magnitude threshold in the subsequent analysis, particularly the b-value analysis, to minimize the
influence of catalog incompleteness on the analytical results.

3.2 b-Value Analysis

The spatial distribution of the Gutenberg-Richter b-value shows strong heterogeneity throughout the
study area, with values ranging from 0.51 to 2.08 (see Figure 3). The zones with the lowest values,
approximately 0.51-0.80, are mainly concentrated in the northern part, particularly around Tijuana,
Mexicali, and San Felipe. In contrast, higher b-values, approximately 1.50-2.08, are mainly distributed
in the central to southern parts of the study area, including the areas around Guerrero Negro, Santa
Rosalia, and parts of La Paz.

The range of approximately 1.57 b-value units indicates significant differences in the characteristics of
the earthquake magnitude-frequency relationship across the study area. The low b-value zones in the
northern part indicate an earthquake population with a relatively greater proportion of moderate- to
large-magnitude events within the magnitude range that has been considered complete. Conversely,
zones with higher b-values show a relatively greater proportion of small-magnitude events. These
variations indicate differences in seismicity characteristics between zones, which subsequently need to
be interpreted by considering the Mc distribution and the seismotectonic conditions of the study area.
3.3 Apparent Stress Estimation

The spatial distribution of apparent stress shows a different pattern compared with the b-value
distribution (see Figure 4). Apparent stress values range from approximately 0.00 to 0.21 MPa. Low

values, generally <0.05 MPa, are concentrated in the northern part, particularly around Tijuana and



244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

Mexicali, whereas the highest values, approximately 0.18-0.21 MPa, occur in the southeastern part,
particularly around La Paz and the southern Gulf of California. The difference between the low apparent
stress domain in the north and the high domain in the southeast reaches approximately 0.16 MPa.

The apparent stress distribution indicates that the characteristics of seismic energy release are not
uniform throughout the study area. Zones with relatively high apparent stress show greater seismic
energy release characteristics compared with zones with low apparent stress. This pattern is
subsequently compared with the b-value distribution to determine whether zones showing low b-values
also exhibit high apparent stress. This comparison is necessary because b-value and apparent stress
represent different characteristics of seismicity.

4. Discussion

The Gulf of California is an active tectonic region characterized by complex fault systems and crustal
deformation (Goff et al. 1987; Higa et al. 2022; Martin-Barajas et al. 2013). These tectonic conditions
produce spatial variations in seismic activity and earthquake source characteristics (Fletcher & Munguia
2000; Hauksson et al. 2014). The Gulf of California’s tectonic complexity, with plate motion partitioned
across spreading centers, transform faults, and margin-normal faults (Fletcher & Munguia 2000),
produces distinct seismic behaviors in different fault domains. This explains why b-value and apparent
stress distributions do not always coincide, as earthquake-size statistics and rupture energetics are
controlled by separate tectonic regimes. Therefore, analyses of Magnitude of Completeness (Mc), b-
value, and apparent stress are important for evaluating variations in seismicity characteristics across the
study area (Tourani et al. 2024)

The results of the Magnitude of Completeness (M) analysis using the Entire Magnitude Range (EMR)
method show spatial variations in Mc across the study area (see Figure 2). The M_-EMR distribution
shows M, values ranging from 3.6 to 5.4 Mw, with a difference of approximately 1.8 magnitude units
between the lowest and highest values. Relatively low M, values are concentrated in the northern part
of the study area, particularly around Tijuana and Mexicali, with values of approximately 3.6-4.0 Mw,
whereas around San Felipe, M, increases to approximately 4.0-4.2 Mw. In contrast, M, values become

progressively higher toward the south and southeast, with values of approximately 4.8-5.2 Mw across
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most of Baja California Sur and reaching approximately 5.2-5.4 Mw in the southeastern part of the
study area. Thus, there is a difference of approximately 1.8 Mw between the lowest and highest Mc
values. Lower M, values (3.6-4.0 M,,) indicate that relatively small-magnitude earthquakes can be
detected and more completely represented in the catalog, whereas higher Mc values (5.0-5.4 M,,
indicate that smaller-magnitude events are relatively more difficult to detect completely in these areas
(Ahadov & Ozturk 2022; Chasanah & Handoyo 2021). This spatial variation in Mc indicates differences
in the level of catalog completeness between regions, which need to be considered when interpreting
the distributions of b-value and apparent stress.

The frequency magnitude distribution of earthquakes follows the Gutenberg Richter law, in which the
b-value represents the slope of the relationship between earthquake frequency and magnitude (Godano
et al. 2014). The b-value distribution shows relatively clear spatial variations (see Figure 3). Zones with
b-values <1 are mainly found around Tijuana and Mexicali, whereas b-values >1 occur in several other
parts of the study area, as shown in the b-value figure. The b-values within the study area range from
0.51 to 2.08, resulting in a difference of approximately 1.57 between the lowest and highest values.
Low b-value zones, particularly within the range of 0.51-0.80, indicate a relatively greater dominance
of moderate- to large-magnitude events compared with areas characterized by high b-values
(Schorlemmer et al. 2005). Low b-values are commonly associated with relatively high differential
stress conditions (Gulia & Wiemer 2010; Scholz 2015). In Tijuana and Mexicali, the low b-value zone
develops in the northern Gulf of California, which is influenced by active fault systems, including the
Cerro Prieto Fault and Imperial Fault (Castro et al. 2017; Fletcher & Munguia 2000). The presence of
low b-values within this fault domain indicates that variations in earthquake magnitude distribution may
be related to local deformation characteristics and fault structures. Conversely, b-values >1 indicate a
relatively greater dominance of small-magnitude earthquakes in the catalog (Enescu & Ito 2002; Gulia
et al. 2018; Schorlemmer et al. 2005). These differences demonstrate that seismicity characteristics are
not uniform throughout the study area.

The apparent stress distribution shows a pattern that does not completely coincide with the b-value
distribution (see Figure 4). Relatively low apparent stress, generally < 0.05 MPa, is found around

Tijuana and Mexicali, although this region is characterized by low b-values in the range of 0.51-0.80.
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In contrast, relatively high apparent stress develops in the southeastern part of the study area,
particularly around La Paz, with values reaching approximately 0.18-0.21 MPa. The difference between
the low values in the northern part and the highest values in the southeast reaches approximately 0.16
MPa. This pattern differs from the b-value distribution because the lowest b-values are found in the
northern part, whereas the highest apparent stress occurs in the southeastern part. Theoretically, low b-
values are often associated with relatively high stress conditions, and therefore these zones might be
expected to exhibit higher apparent stress (Wajedy et al. 2026). However, this condition is not observed
in the present results.

This difference becomes clearer when the apparent stress distribution is compared with the M.-EMR
distribution. Around Tijuana and Mexicali, the b-value ranges from 0.51 to 0.80, apparent stress is
generally < 0.05 MPa, and M, is relatively low at approximately 3.6-4.1 M,,. These three parameters
occur in relatively similar locations. This combination indicates that the low b-value zone around
Tijuana and Mexicali is not automatically accompanied by high apparent stress (Ahadov & Ozturk
2022). The relatively low M, also indicates that the catalog in this region is capable of capturing smaller-
magnitude events. Therefore, the low b-values around Tijuana and Mexicali need to be interpreted by
considering the level of catalog completeness and local seismicity patterns, rather than solely as an
indicator of high-stress conditions.

A different pattern is observed in the southeastern part of the study area. Around La Paz, apparent stress
reaches 0.18-0.21 MPa, whereas the zone with the lowest b-values does not occur in the same location.
The spatial difference between the two parameters indicates that earthquake magnitude distributions
and apparent stress do not always follow the same pattern (Baltay et al. 2011; Oth 2013). Thus, zones
with a relatively greater proportion of moderate- to large-magnitude events based on b-value are not
necessarily the zones with the highest apparent stress. This result emphasizes the heterogeneity of
seismicity characteristics across different parts of the study area (Wajedy 2026; Wajedy & Massinai
2026).

These results can be compared with previous studies showing that low b-values are associated with
relatively high stress conditions and a greater dominance of larger-magnitude earthquakes in active

tectonic regions (Schorlemmer et al. 2005). The similarity with these studies is reflected in the presence
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of b-values of 0.51-0.80 around Tijuana and Mexicali. This result supports the use of b-value as one
parameter for evaluating variations in earthquake magnitude distribution characteristics.

However, when compared with apparent stress, the pattern obtained in this study shows an inconsistent
spatial relationship. The low b-value zone around Tijuana and Mexicali does not coincide with the high
apparent stress zone. Conversely, the highest apparent stress values, approximately 0.18-0.21 MPa,
develop in the southeastern part of the study area. This difference may be related to local tectonic
conditions, earthquake distribution, earthquake source characteristics, catalog period, and the methods
used to estimate each parameter (Allmann & Shearer 2009; Baltay et al. 2011; Oth 2013; Rigorous et
al. 1986).

This condition indicates that b-value should not be used as the sole parameter for identifying areas with
high-stress conditions or earthquake hazard potential. (Chang et al. 2025; El-Isa & Eaton 2014).
Although a zone with b-values of 0.51-0.80 is found around Tijuana and Mexicali, this region does not
show high apparent stress. Conversely, the highest apparent stress is found in the southeastern part.
These results show that b-value and apparent stress provide different information regarding earthquake
characteristics and earthquake sources. Therefore, the interpretation of seismotectonic conditions
becomes stronger when both parameters are evaluated together while considering Mc and the
characteristics of the tectonic structures (Bonini et al. 2019; Mousavi et al. 2026).

Therefore, areas with low b-values remain important for seismic monitoring, but earthquake hazard
assessment cannot be based solely on b-values. Mc, apparent stress, fault activity, focal mechanisms,
and other tectonic parameters need to be considered together. studies may integrate these parameters
with crustal deformation data to examine the relationship between fault activity, earthquake distribution,
and earthquake source characteristics in greater detail.

The variations in b-value, apparent stress, and Mc obtained in this study are also related to the
complexity of the geological structures and tectonic system of the Gulf of California. The low b-value
zone around Tijuana and Mexicali occurs in an area influenced by the Cerro Prieto and Imperial fault
systems and associated fault structures, whereas high apparent stress develops in the southeastern part,
particularly around La Paz. These differences indicate that seismicity characteristics may vary between

tectonic domains. Integration of seismological results with geological and fault-structure information is
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therefore needed to determine whether the contrast between the northern and southeastern parts is
primarily related to differences in earthquake source characteristics, fault structures, or the level of
catalog completeness.

5. Conclusions

This study success to characterize the spatial heterogeneity of stress conditions in the Gulf of California
Rift System through the integration of Magnitude of Completeness (Mc), Gutenberg-Richter b-value,
and apparent stress analyses. The results show that Mc values vary between 3.6-5.4 Mw, with lower
values in the northern part and increasing toward the south, indicating differences in earthquake catalog
completeness between regions. The b-value distribution ranges from 0.51-2.08, with low b-value zones
concentrated around Tijuana and Mexicali, whereas higher values develop in the central to southern
parts. In contrast, apparent stress ranges from 0.00-0.21 MPa, with the maximum values found around
La Paz, resulting in a spatial pattern that does not coincide with the b-value distribution. These results
indicate that zones with low b-values are not always associated with high apparent stress, suggesting
that the relationship between stress accumulation and seismic energy release in a continental rift system
is neither simple nor linear. This finding provides a scientific contribution in the form of evidence that
the integration of Mc, b-value, and apparent stress can reveal seismotectonic heterogeneity that cannot
be adequately explained using a single seismic parameter. Therefore, this multiparameter approach
provides a more comprehensive basis for interpreting variations in stress, earthquake source
characteristics, and deformation evolution in an active continental rift environment. The implication of
this study is that earthquake hazard assessment in the Gulf of California Rift System and other active
tectonic regions should not rely solely on b-value distributions, but should also consider apparent stress,
earthquake catalog completeness, and geological and fault-structure information to obtain a more

reliable interpretation of seismotectonic conditions.
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Figure Caption
Fig. 1. Spatial distribution of earthquake epicenters and major fault systems across the Gulf of
California Rift System, northwestern Mexico, during the period 1900-2026, highlighting the spatial
association between seismicity and active fault structures associated with regional rifting and tectonic
deformation.
Fig. 2. Spatial distribution of the magnitude of completeness (M.) estimated using the Empirical
Magnitude Range (EMR) method with a 50-km moving window and a minimum of 20 earthquakes per
analysis location across the Gulf of California Rift System, Mexico.
Fig. 3. Spatial distribution of the b-value estimated from earthquakes above the locally determined
magnitude of completeness (M,) using a 50-km moving window across the Gulf of California Rift
System, Mexico.
Fig. 4. Spatial distribution of apparent stress estimated from the locally complete earthquake

populations using a 50-km moving window across the Gulf of California Rift System, Mexico.
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