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Abstract Earthquake magnitude-frequency distributions exhibit significant space-time variations, which
can provide critical insights into the physical processes driving seismicity. Understanding these variations is
crucial for assessing seismic hazards and uncovering the physical processes driving earthquakes. One key
parameter, the b-value, describes the relative proportion of small to large earthquakes and is thought to reflect
factors such as stress conditions and fault properties. However, empirical evidence linking b-value variations to
physical processes in real tectonic settings is still limited. Here, we show that b-value is systematically higher in
regions with elevated heat flow, consistently across different tectonic settings and faulting style. This suggests
that thermal conditions play a fundamental role in controlling earthquake size distributions, controlling the
likelihood of large earthquakes in the different areas.

Plain Language Summary Earthquakes come in many sizes, from small ones that often go

unnoticed to large, damaging ones. The magnitude-frequency distribution (MFD) is a tool that is frequently used
to understand how often earthquakes of different sizes happen. A key part of this tool is the b-value, which tells
us how many small earthquakes occur compared to large ones. This study explores what controls the b-value
around the world. Specifically, it investigates whether the amount of heat flowing from the Earth's interior—
known as heat flow—affects how often large earthquakes occur. By analyzing more than 22,000 earthquakes
from a global catalog, we found that regions with higher heat flow tend to have higher b-values. This means that
in hotter areas of the Earth's crust, small earthquakes are relatively more common and large ones less likely. The
study shows that this relationship between heat flow and b-value holds true regardless of tectonic setting or type
of fault movement. These findings suggest that temperature plays a major role in shaping earthquake behavior.

1. Introduction

Space-time variations observed in the earthquake magnitude-frequency distribution (magnitude-frequency dis-
tributions [MFD]) are particularly intriguing as they could provide important physical insights into the processes
driving future earthquakes. These variations are typically analyzed as spatiotemporal changes in the MFD's key
parameter, the b-value, which represents the slope of the distribution log-linear part (Kagan, 2002).

Such changes are often interpreted as signatures of the underlying physical processes, for example, variations of
differential stress (Amitrano, 2003; Goebel et al., 2013; Gulia & Wiemer, 2010; Gulia et al., 2018, 2020;
Scholz, 2015; Schorlemmer et al., 2005; Tormann et al., 2015), or as features of the lithology and geometry of the
faults (Aki, 1981; Collettini & Tinti, 2025; Herrmann & Marzocchi, 2021; Hirata, 1989). Most of these physical
interpretations stem from analog observations made during experiments but are rarely supported by solid
empirical evidence from real tectonic earthquakes. Despite the apparent simplicity of calculating the b-value,
many space-time variations of the b-value may be attributed to space-time catalog incompleteness or the lack of
constraints on MFD's upper bound (Corrado et al., 2025; Herrmann & Marzocchi, 2021; Kagan, 1999, 2002,
2003; Marzocchi et al., 2020).

At a global level, spatial variations in the b-value have been observed primarily in relation to the earthquake focal
mechanism (e.g., Petruccelli et al., 2018, 2019; Schorlemmer et al., 2005), while studies on the influence of
tectonic setting presented mixed results. For instance, Bird and Kagan (2004) find significant changes across
different tectonic settings only in the corner magnitude, not in the b-value, whereas Kagan et al. (2010) identify
significant deviations of the b-value only in spreading ridges. Here, we aim to investigate the potential physical
causes of such global variations of the b-value, examining the statistical correlation with a measurable physical
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quantity, the heat flow. Heat flow emerges as a good candidate due to its influence on b-value variations in
volcanic regions and crustal areas with significant thermal variations, such as California (Cheng et al., 2020;
Enescu et al., 2009; Manganiello et al., 2023; Nandan et al., 2017). In particular, Cheng et al. (2020), apply a
geographic-detector approach to identify spatially varying, potentially non-linear dependencies between heat
flow and earthquake size distribution in tectonically active zones at the global scale. Their analysis, which is
focused primarily on subduction zones and based on the ISC catalog, reveals a characteristic pattern: a negative
correlation between heat flow and b-value below 84 mWm™> and a positive correlation above this threshold. This
nonlinearity suggests that thermal conditions may influence seismicity differently across distinct thermal regimes.

In this work we revisit the heat flow-b-value question using the entire Global CMT catalog, which provides
homogeneous magnitudes and mechanism estimates across all tectonic settings (including spreading ridges and
strike-slip faults) together with explicit, time-varying completeness estimates and estimation methods that ac-
count for variable completeness (Taroni, 2021; Taroni et al., 2021).

2. Methods
2.1. Estimation of the Completeness Magnitude (M)

In this work, we use Taroni's (2023) method, which applies the Lilliefors tests (Herrmann & Marzocchi, 2021), to
check the magnitudes’ exponentiality as implied by the Gutenberg-Richter law (Aki, 1965). The method proposed
by Taroni (2023) method is particularly suitable for a catalog containing events that might have different b-values,
as in the global CMT catalog. To avoid bias in the estimation, we split the catalog into two temporal windows,
1980-2003 and 2004-2023, because in 2004, there were improvements in the methods for event detection
(Ekstrom et al., 2012). We obtain M = 5.5 in the first part and M- = 5.1 in the second part. Moreover, we also
consider the short-term catalog incompleteness, which is present in the global CMT catalog (Iwata, 2008; Kagan,
2004), by increasing the completeness magnitude by 1.0 in the first 24 hr after each My, 7.0+ event (thus M- = 6.5
in the first part, and M = 6.1 in the second part of the catalog). To ensure the robustness of our results, we also
consider conservative thresholds for completeness by increasing all the previous values by 0.2 and selecting the
events accordingly.

For confirmatory results using even a more conservative estimation of the completeness, we also increase it by 1.5
in the first 48 hr after each My, 7.0+ event. All the results are listed in Table S1 in Supporting Information S1.

2.2. Estimation of the b-value

Once the magnitude of completeness M- is estimated, we compute the b-value of each sub-catalog using the
method proposed by Taroni (2021), which considers the variability of the M with time. This method consists of
subtracting to each magnitude of the data set (M) the value of the completeness magnitude at that time (M (7));
the quantity X; = M; — M (f) can be used in the classical maximum-likelihood estimation for the b-value and for
its related uncertainty o (Aki, 1965). If we consider the correction for the finiteness of the sample (# is the number
of events in the data set), we obtain (Marzocchi et al., 2020):

(1)

65 =— @)

In our case, since the magnitudes of the CMT catalog are derived from the seismic moment, the magnitude
binning does not introduce any significant bias in the analysis carried out in this paper.

An effective tool to remove the effects of the short-term aftershock incompleteness exists (b-positive, van der
Elst, 2021), but its applicability requires that earthquake pairs share a similar level of completeness, which is only
ensured when events occur within a limited spatial and temporal range. If earthquakes are too far apart, differ-
ences in network coverage and detection capabilities can lead to variable completeness magnitudes, thereby
biasing the estimate (Lippiello & Petrillo, 2024). In our study, events are grouped by heat-flow bins rather than
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proximity, combining earthquakes that may be widely separated geographically and temporally. Under such
heterogeneous conditions, applying the b-positive method violates its fundamental assumptions and could lead to
unknown bias on the b-value estimates. Therefore, we adopt the joint estimation approach of Taroni et al. (2021),
which explicitly accounts for spatial and temporal variations in completeness and is better suited to our data set.

For the estimation of the b-value along with the corner magnitude, that is the two parameters estimation of the
tapered Gutenberg-Richter distribution, we use the method of Taroni et al. (2021).

2.3. Significance of b-value Differences

To determine whether there is a statistically significant difference between b-values (Figure S6 in Supporting
Information S1), we use the two-sample Utsu test (Utsu, 1966), which has been commonly adopted in several
b-value studies and can be applied in the case of a magnitude of completeness changing with time (Taroni, 2021).
We interpret p-values within the Neyman—Pearson framework, using them only to determine whether they fall
below the predefined significance threshold, without attributing intrinsic meaning to their numerical value.
However, we still report the p-values because they provide an additional piece of information: from Fisher's
perspective, the p-value represents how likely it would be to observe the observed data if the considered hy-
pothesis were true.

We initially set a significance level of 0.01. Then, to account for multiple tests, we adjust the significance level to
0.01/N, where N represents the number of tests conducted (Bonferroni, 1936), in our case N = 4 (Figure S6 in
Supporting Information S1; results with p-values below this adjusted threshold are marked in bold, indicating
significant differences).

2.4. Other Statistical Tests

To compare the heat flow distributions for events in different tectonic environments, we use the classical Mann-
Whitney statistical test; to compute the correlation between the b-value and heat flow, we use the Pearson cor-
relation coefficient; for the b-value comparison between two groups, we also use the two-sample Kolmogorov-
Smirnov test (all these tests can be found in Gibbons & Chakraborti, 2003). In all these cases, we use the
Bonferroni correction (Bonferroni, 1936) to account for multiple tests.

3. Data
3.1. Catalog and Heat Flow Model

In this work, we use the global CMT catalog (Dziewonski et al., 1981; Ekstrom et al., 2012) from 1980 to 2023,
with a maximum depth of 50 km (Schorlemmer et al., 2005). We assign each event to a specific tectonic envi-
ronment according to Kagan et al. (2010), who identify four main tectonic zones: plate interior, active continent,
ridge, and trench. We chose to omit results from the plate interior zone due to an insufficient amount of data,
which prevents reasonable statistical analyses. Using the information of the focal mechanism contained in the
CMT catalog and according to Anderson's theory (Anderson, 1905) and the Aki-Richards (Aki & Richards, 2002)
convention, we classify events with a rake of [-135, —45] as normal, those with a rake of [45, 135] as reverse, and
the rest as strike-slip. We then assign the heat flow value according to the worldwide (2° equal area grid) model of
Davies (2013) to each earthquake using bilinear interpolation over the four nearest values of the Davies model to
each epicenter.

In addition, we implement a complementary selection procedure to ensure that only reliable heat flow information
is considered. For each grid cell of the Davies model (Davies, 2013), we calculate the relative error as the ratio
between the reported uncertainty and the mean heat flow value. Cells with a relative error lower than the median
are retained, while those with larger uncertainties are excluded. During the assignment of heat flow values to
earthquakes, we again consider the four nearest cells; if at least one of them has been excluded due to large
uncertainty, the corresponding event is discarded. Otherwise, the heat flow is computed as an inverse-distance
weighted average of the four selected values. All analyses are repeated following this procedure and listed in
the supplementary material (Table S2 in Supporting Information S1), using only earthquakes associated with
reliable heat flow estimates and removing the potential influence of poorly constrained values.
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Figure 1. Temporal and spatial distribution of the events. (a) Timeline of the events of the CMT catalog above the completeness magnitude (M; red line);
(b) Distribution of the epicenters of the CMT catalog (Dziewonski et al., 1981; Ekstrom et al., 2012) of the events with a magnitude above the M overlain onto the heat
flow model (Davies, 2013). For comparison with a more conservative M. see Figure S1 in Supporting Information S1.

4. Results and Discussions

We consider the events provided by the Global CMT (Dziewonski et al., 1981; Ekstrom et al., 2012), which
represents one of the most homogeneous existing seismic catalogs. We pay special attention to the completeness
of the earthquake catalog, as data incompleteness can significantly bias the estimation of the b-value. To address
this issue and ensure unbiased estimation of MFD parameters, we calculate the completeness magnitude through
time with different methods (see Methods), accounting for both changes in detection systems (Ekstrom
et al., 2012; Gonzélez, 2024) and potential short-term variations (Iwata, 2008).

The procedure yields a time-varying completeness magnitude (Figure 1a) and leads to a complete and homo-
geneous worldwide catalog from 1980 to 2023. Limiting to a maximum depth of 50 km (Petruccelli et al., 2019;
Schorlemmer et al., 2005), the catalog contains a total of 22,475 seismic events (Figure 1b).

To introduce the heat flow variable in our computation, we quantify the local heat flow in the epicentral area of
each event in the CMT catalog using the global heat model from Davies (2013) (see Methods for details and
Figure 1b). The MFD is then quantified by grouping the events with similar heat flow, independently from their
location, and then estimating the Gutenberg-Richter b-value (see Methods). We identify a significant global
correlation between the b-value and heat flow (Figure 2a), with higher b-values for higher heat flows.

Since the heat flow distributions in the different tectonic environments (Bird, 2003) are significantly different
from each other (see Section 2, Table S3 and Figure S5 in Supporting Information S1), this result would provide a
potential physical explanation for the observations that b-values are significantly different in the different tectonic
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Figure 2. Correlation between b-value and heat flow. (a) Considering all the events in the catalog above the completeness magnitude (M); (b) Excluding events that
occurred in spreading ridges. For confirmatory results obtained using a more conservative estimation of the M and a different number of intervals, see Figure S2 in
Supporting Information S1; (c—e) Considering all the events and grouping them according to the focal mechanism (red for normal events, blue for reverse events and
green for strike slip events). Horizontal error bars represent the standard deviation of the heat flow, while the vertical bars indicate the uncertainty on the estimation of
the b-value (Equation 2). For confirmatory results obtained using the second solution of the CMT, a more conservative estimation of the M and a different number of
intervals see Figure S3 in Supporting Information S1 and using a more conservative estimation of the M and a different number of intervals, see Figure S4 in Supporting

Information S1.

environments (Bird & Kagan, 2004; Kagan et al., 2010). In spreading ridges, the heat flow is particularly high, but
ridges are also characterized by a relatively young and thin crust, which may limit the maximum magnitude and
impact the b-value (Bird & Kagan, 2004; Laske et al., 2013). To overcome this circular argument and to
investigate if the heat flow is the main driver, independently from these peculiar conditions of spreading ridges,
we repeat the same analysis in two other conditions: (a) by excluding all the events occurring along spreading
ridges (Bird, 2003), and (b) by adopting a tapered Gutenberg-Richter distribution to minimize the impact of
potential shortages in large magnitudes due to a thin crust. In both cases, the trend remains similar, excluding the
possibility that the correlation is only driven by events in spreading ridges (Figure 2b) or by a potential shortage of
large events. This finding suggests that variations in heat flow may influence the variation of b-values consistently
across different tectonic settings.
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confirmatory results based on the second solution of the CMT and using a more conservative completeness magnitude (M), see Figure S7 in Supporting
Information S1. Panel (b) magnitude-frequency distributions for each focal mechanism grouping according to the tectonic environment (Bird, 2003). The b-values are
listed in the top-right corner. For confirmatory results based on the second solution of the CMT and using a more conservative M, see Figure S8 in Supporting

Information S1.

To strengthen our analysis, we divide the magnitudes into two groups based on mean heat flow: one for values
below 132 mWm™2 and one for values above this threshold (Figure S6 in Supporting Information S1). We then
employ two statistical tests (see Section 2 and Figure S6 legends in Supporting Information S1) to compare the
MFDs and the b-values between the two groups, finding that MFDs and b-values are significantly different. Still,
even when excluding events from spreading ridges, the two distributions remain consistently different.

The observed trends also explain the b-value variations as a function of the focal mechanism. This variation is
usually interpreted as the effect of the stress that changes systematically between different faulting regimes
(Petruccelli et al., 2019; Schorlemmer et al., 2005). However, faulting styles are not uniformly distributed in the
different tectonic environments (Figure 3a), which are characterized by different b-values (Figure 3b) and by
different heat flows (Figure S5 and Table S3 in Supporting Information S1), with higher b-values in spreading
ridges where normal faults are prevalent relative to other tectonic environments. As above, to overcome this
circular argument and to investigate if the heat flow is the main driver, we repeat the analysis by grouping the
events for focal mechanisms, using the three main faulting styles: normal, reverse, and strike-slip. We find that the
significant trend between b-value and heat flow still holds for all the main faulting mechanisms (Figures 2c—2e),
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showing that dependence applies to all individual focal mechanisms and goes beyond any direct dependence
between the focal mechanism and b-value.

To assess whether our data also exhibit the type of nonlinear behavior described in previous studies, we perform a
dedicated evaluation of the heat flow-b-value relationship. In particular, we test three alternative thresholds to
partition the data set: the 84 mWm ™2 value proposed by Cheng et al. (2020), the mean heat flow value for each
subset, and the heat flow value corresponding to the minimum b-value observed in our curves (Table S4 in
Supporting Information S1). For each threshold, we independently examine the correlation below and above the
partition. Across all tests, the results are consistent: a significant positive correlation is always identified above the
threshold, whereas no significant correlation is ever detected below it. Although a shallow minimum b-value
curve may be visually apparent, our statistical analyses indicate that this feature is not significant.

These results are partially consistent with the findings of Cheng et al. (2020), who identify a nonlinear relationship
between heat flow and earthquake magnitude distribution, characterized by a decrease in the b-value for heat flow
values below 84 mWm ™2 and an increase above this threshold. While our data exhibit a visually similar pattern,
statistical testing (Table S4 in Supporting Information S1) indicates that the apparent decrease at low heat flow is
not significant, whereas the positive correlation observed at higher heat flow values is robust. This difference
likely reflects both the broader tectonic coverage and the more homogeneous magnitude and mechanism esti-
mates provided by the GCMT catalog, as well out explicit treatment of temporal variations in completeness.

Our findings are consistent with recent advances in understanding earthquake clustering style and its dependence
on crustal properties. Using the nearest-neighbor approach, Zaliapin and Ben-Zion (2013a, 2013b) identify two
main types of seismic clusters: burst-like sequences, characterized by rapid brittle failure and a dominant
mainshock, and swarm-like sequences, reflecting mixed brittle—ductile behavior with distributed energy release.
These cluster types show distinct geographic distributions controlled by heat flow and crustal viscosity: burst-like
clusters prevail in cold, dry regions, whereas swarm-like clusters dominate in hot, fluid-rich areas. These patterns
are subsequently confirmed at the global scale by Zaliapin and Ben-Zion (2016) and demonstrate that heat flow
exerts primary control over clustering style across diverse tectonic environments. In agreement with our results,
their analysis demonstrates that the heat flow is the dominant controlling factor, with the type and intensity of
lithospheric deformation (measured by strain rate tensor parameters) playing a secondary role in determining
earthquake cluster style.

This framework explains both clustering behavior and b-value variability in our study. In cold regions with low
heat flow and low fluid content, higher effective viscosity promotes brittle rupture, strong stress heterogeneity,
and lower triggering potential—resulting in burst-like clustering and lower b-values. Conversely, in hot regions
with abundant fluids and low viscosity, mixed brittle—ductile deformation enhances triggering and swarm-like
clustering, producing higher b-values.

Although our results show that heat flow represents the first-order control, we argue that the b-value could be also
influenced by a set of competing conditions, such as fault distribution, stress state, lithology, crustal damage, and
fluid content.

5. Conclusions

Our results highlight the complexity of physical factors influencing the earthquake MFD. The global analysis,
including diverse crustal conditions, reveals that heat flow is the main control of the b-value variations,
consistently across different tectonic regimes and faulting styles. High b-values are systematically associated with
high heat flow, regardless of the tectonic environment and faulting style. This suggests that thermal conditions are
a powerful tool for discriminating zones with higher seismogenic potential, surpassing tectonics and kinematics.
Notably, we also demonstrate that the trend is not governed only by the thickness of the crust or by the lack of
large events.

At first order, regions with high heat flow exhibit higher b-values, reflecting the thermally controlled nature of
their seismogenic process. Consequently, these regions also tend to experience fewer very large earthquakes,
consistent with global observations from the past 120 years (Pacheco & Sykes, 1992; Ekstrom et al., 2012, Figure
S9 in Supporting Information S1) and explains the relatively low frequency of large events in spreading ridges and
certain subduction zones (Kagan et al., 2010; Marzocchi et al., 2016; Taroni et al., 2021). The systematic variation
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in maximum observed magnitude—from cold, contracting subduction zones to hot, spreading ridges—directly
reflects the thermal control on the upper bound of the magnitude distribution.

Overall, this study provides new insights into the drivers of b-value variability, emphasizing the importance of
thermal conditions in their interpretation. By demonstrating the b-value reflects the interplay of multiple physical
factors-with heat flow acting as the dominant but not exclusive control-offers a unified framework for interpreting
regional differences in seismicity. This approach could enhance the interpretation of b-value variations and
improve hazard forecasts and risk mitigation strategies in seismically active regions.
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