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A B S T R A C T

The estimation of the maximum expected magnitude is crucial for seismic hazard assessment. It is usually
inferred via Bayesian analysis; alternatively, the size of the largest possible event can be roughly obtained from
the extent of the seismogenic source and the depth of the brittle–ductile transition. However, the effectiveness
of the first approach is strongly limited by catalog completeness and the intensity of recorded seismicity, so that
it can be of practical use only for aftershocks, while the second is affected by extremely large uncertainties. In
this article, we investigate whether it may be possible to assess the magnitude of the largest event using some
statistical properties of seismic activity. Our analysis shows that, while local features are not appropriate for
modeling the emergence of peaks of seismicity, some global properties (e.g., the global coefficient of variation
of interevent times and the fractal dimension of epicenters) seem correlated with the largest magnitude. Unlike
several scientific articles suggest, the 𝑏-value of the Gutenberg–Richter law is not observed to have a predictive
power in this case, which can be explained in the light of heterogeneous tectonic settings hosting fault systems
with different extension.
1. Introduction

According to the classical view of seismicity, earthquakes occur as a
consequence of stress loading on faults accumulated by the long-term
action of tectonic strain [1]. The elastic rebound model predicts that
the stress be released as soon as its value overcomes the local shear
resistance of the fault interface. Stress drop can be almost complete
because of the weakening processes during slip, which produce a
sudden lowering of fault friction just after strengthening during the
transition from static to dynamic configurations [2]. So, at a first
level of approximation, the evolution of seismic activity can be de-
scribed as an iterative sequence of energy accumulation, with few
or no seismic events, development of instability, featured by minor
breakdowns, i.e., foreshocks, and seismic sequences, driving the system
towards stability [3]. As much as this recursive pattern is just one of
several possible dynamic evolutions, this simple framework is routinely
invoked as the foundational mechanism for earthquake occurrence [4].
A more refined model conceives seismicity as a self-excited dynamics
taking place in a complex [5], disordered [6] and self-organized set-
ting [7]; so, characterized by a certain number of emergent properties
that cannot be derived from the fundamental laws ruling the basic
components of the system. From this viewpoint, the trends in stress
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and strain accumulation play a background role, i.e., they just provide
a certain amount of energy for avalanches, but they do not take
actively part in the spatial and temporal evolution of earthquakes [8].
In this context, major seismic events can be forewarned by foreshocks,
seismic quiescence or happen unexpectedly, according to the different
kind of transition associated with the peculiar considered geological
environment, e.g., sub-, super- or critical dynamics [9]. Investigating
seismicity in the light of the physics of complex systems also provides
a natural explanation for its key property: earthquake clustering. Previ-
ous research clearly shows that seismic activity tends to occur clustered
both in time and space at both short and long scales [10–13]. Although
at its core, clustering, especially the long-term one, is usually neglected
in modeling seismicity [14], except for the Omori–Utsu decay after
major seismic events, e.g., [15]. The assumption of negligible long-
term correlation in the occurrence of earthquakes makes models easier,
but, in the other hand, also removes the possibility of long-lasting
memory of past events, which is indeed the other crucial feature of
seismic activity [16]. Therefore, in order to better understand how
earthquakes occur in space and time we need to analyze how they
are organized. Furthermore, the lack of comprehension of long-term
mechanisms producing the emergence of large-scale crustal instability,
960-0779/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access ar
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unavoidably implies a bias in our ability to forecast them. As a matter
of fact, the current approaches to seismic hazard only take into account
of the recently happened seismic events [17] – at least compared
to the geological time scales of fault activity – without considering
whether the geophysical setting under study rests on a state of higher
or lower stability, i.e., it is more or less prone to close, iterated
large earthquakes, or not. Hence, the underestimation of the intrinsic
non-linear, self-excited nature of seismicity may constitute a serious
threat for a reliable assessment of seismic hazard, above all for what
concerns the maximum expected magnitude, e.g., [18]. Nowadays, two
different methods exist to evaluate the probability of occurrence of
large earthquakes: the first is a pure mathematical approach based on
Bayesian probability, so that, given a seismic catalog, the chances of
occurrence of an unobserved event can be calculated [19]; the second
rests on empirical relationships between the size of faults and the
largest hosted earthquake, e.g., [20]. However, the first method is
grounded on the hidden hypothesis that the available information be
representative of the whole fault system dynamics, usually thousand-
years lasting; while the second is intrinsically riddled with several
sources of uncertainty [21] also concerning paleoseismic records [22].
Moreover, the latter case also requires a rather advanced state of
maturation of the seismological sources, otherwise also the possibility
of fault coalescence should be considered [23], while the first case
is not easily adaptable to the idea of faults with long memory and
seismic super-cycles [24] already discussed above. Therefore, a deep
understanding of the mechanisms driving the slow dynamics of seismic
activity towards major, widespread instability is an essential tool for
both the foundations of earthquake physics and seismic hazard. Here,
we investigate some local and global properties of seismic catalogs (the
GeoNet earthquake catalog for New Zealand in this case [25]) such as
the local and global coefficients of variation, namely L𝑉 and C𝑉 , the
caling exponent of the Gutenberg–Richter law (the so-called 𝑏-value),

the fractal dimension of spatial distribution of epicenters D𝑓 [26], the
seismic rate (the amount of energy nucleated by earthquakes during a
certain reference time interval) and the number of events (above the
completeness magnitude) and the maximum magnitudes (observed in
catalog and historical). Although certainly not exhaustive, this list is a
first attempt to understand what kind of information can be stored in
such collective parameters and the mutual relationships among them.
What is more innovative, we apply clustering and fractal analysis to
infer the properties of large earthquakes, in particular the maximum
expected magnitude, from the observation of small and intermediate
events.

2. Methods

This section is devoted to the procedures applied for the analysis of
catalogs and for the calculation of relevant collective parameters. More
detailed information is reported in the Supplementary Materials.

2.1. Catalog completeness and conversions

In this research, only earthquakes above the completeness mag-
nitude are considered. We apply the Wiemer–Wyss method [27] and
add a correction of +0.2 magnitude units, as suggested in [28]. The
ompleteness magnitude is computed for samples of one thousand
arthquakes each in order to take into account of the different phases of
eismic activity (i.e., preseismic, seismic, post-seismic and interseismic
eriods) which unavoidably imply a change of the catalog complete-
ess. The GeoNet catalog is mainly composed of local magnitudes that
e convert to moment magnitudes according to the empirical law
𝑤 = 1.14𝑀𝐿 − 0.83, if the hypocentral depth is smaller 33 km, and
= 0.92𝑀 − 0.05, if the hypocenter is deeper than 33 km [29].
2

𝑤 𝐿
2.2. Coefficients of variation

The global coefficient of variation of interevent times, 𝐶𝑉 , defined
by [10]

𝐶𝑉 =
𝜎𝛥𝑇
⟨𝛥𝑇 ⟩

(1)

where ⟨𝛥𝑇 ⟩ is the mean value of the inter-event time and 𝜎𝛥𝑇 is its
standard deviation, is used to evaluate the time-clustering of seismicity
as a whole; so, without providing information about the temporal scales
at which clustering occurs. The physical meaning of the coefficient of
variation is the following: if 𝐶𝑉 < 1, then the dynamics is regular; on
the contrary, if 𝐶𝑉 > 1, the time series is clustered. The condition 𝐶𝑉 =
1 stands for a completely random, Poisson process [30]. Conversely, the
local coefficient of variation, L𝑉 defined by [31]

𝐿𝑉 = 3
𝑁 − 1

𝑁−1
∑

𝑖=1

(𝑇𝑖 − 𝑇𝑖+1)2

(𝑇𝑖 + 𝑇𝑖+1)2
(2)

is applied for the description of local variability of inter-event time
series. The interpretation of the values of L𝑉 is analogous to those of
C𝑉 .

2.3. b-value

We apply the Tinti–Mulargia algorithm [32] for the estimation of
the 𝑏-value of the Gutenberg–Richter law, summarized by the following
formulas:

�̂�𝑇𝑀 =
ln
(

1 + 𝛿𝑀
⟨𝑀𝑤⟩−𝑀𝑤𝑐

)

ln(10)𝛿𝑀
(3)

where 𝛿𝑀 is the binning interval for magnitudes, and

𝜎�̂�𝑇𝑀 =

𝛿𝑀
⟨𝑀𝑤⟩−𝑀𝑤𝑐

ln(10)𝛿𝑀

√

𝑁
(

1 + 𝛿𝑀
⟨𝑀𝑤⟩−𝑀𝑤𝑐

)

. (4)

This method is particularly suitable for limited catalogs; moreover,
t takes into account of magnitude binning. In order to utilize it, ⟨𝑀𝑤⟩

nd the completeness magnitude 𝑀𝑤𝑐 are required.
The first is obtained by definition of arithmetic mean of 𝑁 mag-

itudes in catalog, while the second is given by the Wiemer–Wyss
ethod [27] with an additional correction of +0.2 magnitude units, as
escribed in the first paragraph of methods.

.4. Fractal dimension of epicenters

The correlation function is defined by [33]

(𝑟) = lim
𝑁→∞

2
𝑁(𝑁 − 1)

𝑁
∑

𝑖=1

𝑁
∑

𝑗=1,𝑗≠𝑖
𝜃
(

𝑟 −
√

(𝑥𝑖 − 𝑥𝑗 )2 + (𝑦𝑖 − 𝑦𝑗 )2
)

(5)

here 𝑥 and 𝑦 stand for the epicentral longitude and latitude, 𝑟 is an
rbitrary (small) distance, 𝜃 is the Heaviside function and 𝑁 is the total
umber of earthquakes selected. We study the correlation dimension D𝑓
f the distribution of epicenters defined as [34]

𝑓 = lim
𝑟→0

log𝐶(𝑟)
log 𝑟

. (6)

The practical determination of 𝐶(𝑟) is realized following the Grass-
berger&Procaccia algorithm [35], which consists in constructing
spheres (circles in our case) around 𝑁 epicenters in order to calculate
the number of events occurred within a varying threshold distance 𝑟.
If the spatial distribution of epicenters is fractal, 𝐶(𝑟) behaves as a
power-law

𝐶(𝑟) ∼ 𝑟𝜁 (7)

where 𝜁 → 𝐷𝑓 as 𝑟 → 0. Therefore, we obtain D𝑓 as the output
of a linear fit of the log–log scale plot of 𝐶(𝑟). Details about the
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Fig. 1. Seismicity in New Zealand and completeness of the seismic catalog (GeoNet earthquake catalog accessible at https://quakesearch.geonet.org.nz/, crustal events with depth
≤ 50 km, localizations in the range 35–47◦ S of latitude with local magnitude M𝐿 ≥ 2.0). The red line represents the completeness magnitude during different stages of seismic
activity computed for samples of one thousand earthquakes each. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
Fig. 2. Seismic activity in New Zealand. (A) The map shows the spatial distribution of seismic events from 1985 to 2022 as black points, while large earthquakes (M𝑤 6+) occurred
between 1920 and 2022 are represented by red asterisks. The yellow, dashed lines stand for the principal strike direction of the most important fault systems in New Zealand. (B)
The number of earthquakes and energy nucleated by seismic events in New Zealand along the main seismogenic structures from 1985 to 2022. Large earthquakes (1920–2022)
are represented as red stars. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
calculation of the uncertainty of the fractal dimension are discussed
in the Supplementary Material. We do not consider hypocentral series
in this case because, while the epicentral uncertainties are usually
moderate, depths are featured by extremely large errors which make
fractal analysis unreliable unless large relocated seismic catalogs are
available. The spatial segmentation of the seismogenic region is made
so that the number of relative distances between epicenters is always
larger (usually much higher, in the order of 1–10 millions) than 50’000.
This number, corresponding to ∼250 events, is considered enough to
guarantee reliable values of D𝑓 [33]; in fact, the correlation dimension
is feasible also for small data sets, in contrast with other fractal dimen-
sions (e.g., capacity and information dimensions) based on the method
of covering, usually requiring several thousand data.

3. Analysis and results

New Zealand is one of the most seismically active regions in the
world, with several M𝑤 7+ recorded during the last century and nu-
merous seismic sequences occurring along all its longitudinal extension.
Moreover, the country is well equipped with an efficient seismic net-
work, so that the GeoNet seismic catalog lists almost all the M𝐿 3+
events in the last thirty years except for peaks of seismic activity
3

observed after large mainshocks, when the completeness magnitude
is significantly larger (up to M𝑐 ∼ 4.3). However, the catalog is often
complete even at lower magnitudes during quiescent and more recent
periods (down to M𝑐 ∼ 2 recently). For this reason, it is necessary
to accurately assess the time-dependent completeness magnitude in
order to reduce errors in the estimation of the statistical properties of
seismicity such as the 𝑏-value of the frequency-size Gutenberg–Richter
law. Compare with Fig. 1 for a detailed analysis of the completeness
magnitude of the GeoNet catalog from 1985 to 2022. New Zealand is
located at the boundary between Pacific and Australian plates. Their
relative motion, ranging in between 30 and 60 mm/yr [36], is responsi-
ble for mainly transpressive tectonic settings in the North Island, while
transcurrent zones dominate to South (Fig. 2 A). The southern portion
of the Alpine fault system hosted several M𝑤 6+ earthquakes in the last
century, with also a M𝑤 7.8 in 2009, the Great Fiordland earthquake.
This region is featured by elevated seismic rate, while the central
and northern part of the Alpine range is characterized by diffuse,
moderate magnitude seismicity, without M𝑤 6+ events recorded during
the recent few decades. Conversely, the Canterbury and Otago regions
are prone to megaquakes, like the M𝑤 7.8 Kaikoura earthquake in 2016.
The Malborough-North Island zone and the Wellington region are also
frequently hit by large events accompanied by a moderate background

https://quakesearch.geonet.org.nz/


Chaos, Solitons and Fractals: the interdisciplinary journal of Nonlinear Science, and Nonequilibrium and Complex Phenomena 170 (2023) 113419D. Zaccagnino et al.
Fig. 3. (A, B, C) The 𝑏-value does not correlate with the fractal dimension of the epicenters, neither with the maximum magnitude nor the global coefficient of variation in New
Zealand. (D) Conversely, the 𝑏-value is negatively related to the number of events (above the completeness magnitude) since thrust-faulting regions, usually featured by lower
values, are those hosting larger earthquakes, hence more seismic events. (E) Distribution of the 𝑏-value along the strike of the most important seismogenic sources in New Zealand
(compare with Fig. 2 A). The orange line represents the seismic rate calculated using seismic events above the completeness magnitude (compare with Fig. 1), while the orange
asterisks stand for the largest earthquakes occurred since 1920. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
Fig. 4. The relationships of the fractal dimension of epicenters (D𝑓 ) with other properties of seismicity. (A) D𝑓 is positively related to the nucleated seismic rate. (B) D𝑓 vs
number of events above the completeness magnitude. (C) The fractal dimension of the epicentral series is positively correlated with the global coefficient of variation. (D) D𝑓 is
also positively related to the maximum observed magnitude in catalog.
seismic rate. Compare with Fig. 2 B. We divide the main fault belt into
50 contiguous segments (compare with the first paragraph of the Sup-
plementary Material for a detailed description), this number is chosen
to allow a better assessment of the statistical properties of seismicity
and their variation along the catalog. For each of them, we calculate the
𝑏-value and other physical quantities of interest, as shown in Fig. 3. The
𝑏-value of the Gutenberg–Richter law is a collective, routinely investi-
gated parameter of seismicity, often put into relation with spatial and
temporal variations of fault stress and transition from a seismic regime
to a new one, e.g., from interseismic to preseismic phase. Surprisingly,
we do not find any significant correlation neither with the maximum
magnitude, nor with C𝑉 or the seismic rate. No correlation is also
unveiled between the 𝑏-value and the fractal dimension of epicenters,
likely due to the large uncertainties affecting both quantities. We just
draw attention to an inverse relationship between the 𝑏-value and the
number of events above the completeness magnitude, which can be
simply explained in the light of different maximum magnitudes in
various tectonic settings, i.e, higher in compressive than transcurrent
4

and rifting zones. More rewarding results are instead achieved by
analyzing the correlation between the fractal correlation dimension
of epicentral series and other quantities such as the seismic rate, C𝑉
and the maximum observed magnitude in catalog (Fig. 4). They are
all positively correlated, in particular, the following empirical formula
holds

𝑀𝑤𝑚𝑎𝑥 = 10.0𝐷𝑓 − 9.8 (8)

Compare with Fig. 4 D. We also investigate the role of the size of the
seismic catalog in shaping our output. In order to do this, we separate
our database into different fractions, respectively ∼2%, ∼7%, ∼1/3,
∼2/3 and full catalog in chronological order without temporal super-
position for each of our 50 segments. Our results, summarized in Fig. 5
(compare also with Figure 6 of the Supplementary Material), show
that extremely short earthquake catalogs tend to be globally Poissonian
(C𝑉 ≈ 1); on the other hand, databases with intermediate or extended
length become more and more locally Poissonian or weakly clustered
as their size increases, while they keep their global clustering behavior
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Fig. 5. (A) Maximum observed magnitude in catalog vs global coefficient of variation for fifty segments of seismogenic sources in New Zealand (represented by the color) calculated
using all the portions of the seismic catalog (M𝑤>M𝑐 , depth < 50 km,1985–2022) segmented into parts of ∼2%, ∼7%, ∼1/3, ∼2/3 and full catalog. The size of the colored points
represents the length of the considered sub-catalog. The behavior of seismic activity in the long-term tends to be globally clustered. Therefore, regions with higher C𝑉 , fixed
the size of the catalog, may be prone to larger earthquakes. (B) Maximum observed magnitude in catalog vs local coefficient of variation. In the long-term, seismicity is locally
Poissonian. Colors and sizes of the points as in the upper panel. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
unchanged after an initial transient. C𝑉 also preserves its property of
positive correlation with the maximum magnitude in catalog.

4. Discussion

4.1. Seismic clustering and its implications for seismic hazard

Our analysis of the clustering and fractal properties of seismicity
in New Zealand shows that, although apparently featured by similar
patterns of occurrence, earthquakes are organized in time and space
in a quite heterogeneous manner. In the southern part of the Alpine
fault system, as well as in the Canterbury region, seismicity is globally
clustered but locally Poissonian. These areas host violent seismic events
with maximum magnitudes approaching M𝑤 8. Conversely, the central
South Island and the northernmost segment of North Island host seismic
activity with low C𝑉 and relatively elevated L𝑉 . In these regions, just
one M𝑤 6+ event took place in the last century. We suggest, on the base
of such results, that sequences with large mainshocks produce long-
term clustering of seismic time series; nevertheless, locally, seismicity
5

is almost Poissonian, i.e., it is not synchronized from external pertur-
bations nor from surrounding events. A possible explanation is that,
once extremely large earthquakes happen, great part of the accumu-
lated strain is released, moving crustal volumes towards more stable
conditions; therefore, they are less prone to further destabilization [2].
Oppositely, where strain is only partially released by moderate earth-
quakes, fault systems are kept closer to the edge of instability, which
makes them easily synchronized by stress modulations and responsive
to additional strain sources [37]. This phenomenon might also explain
the reason of global regularity. These results are in agreement with
previous research about the clustering properties of regular [38] and
silent earthquakes [39]. Our research also shows that clustering analy-
sis has a predictive power about the seismogenic potential at local and
regional spatial scales, provided a sufficiently long database, since the
global properties of seismic clusters appear roughly self-similar; hence,
strongly clustered low-magnitude seismicity may be a valuable indica-
tor for analogously long-term clustered large events in the same region.
Compare with Fig. 5 and with our results reported in the Supplementary
material (Figure S3 and Figure S6). We also consider the 𝑏-value of the
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Gutenberg–Richter law. Despite we apply a quite accurate procedure
for the determination of the scaling exponent of the frequency-size
relationship, our analysis is not able to highlight any significant cor-
relation between it and other parameters of interest. We used the
Tinti–Mulargia algorithm for calculating the 𝑏-value since it is proven to
be robust for limited data sets, even though it also has its limitations. In
particular, the 𝑏-value shows no correlation with C𝑉 and the maximum
magnitude in catalog (Fig. 3 B). This output sounds odd, since it is
well known that regions hosting seismicity with higher 𝑏-value are
usually hit by events with lower extreme sizes and vice-versa, which
is also observed in different tectonic settings [40]. A possible solution
to the puzzle can be found in the negative correlation between 𝑏-value
and number of events above the completeness magnitude (Fig. 3 D).
In fact, in New Zealand different tectonic regimes are mixed in the
same region, i.e., thrust-, strike-slip or normal-faulting. New Zealand is
featured by an evident crustal heterogeneity [41], various thickness of
the seismogenic layer [42], fault systems with macroscopically different
size, hence different maximum magnitudes, variable 𝑏-value and fractal
dimension of the epicentral series. Therefore, the lack of correlation
between 𝑏-value and other observables may be justified in the light of
a mixture of tectonic settings, crustal heterogeneity and too various cor-
ner magnitudes, which should be investigated separately to distinguish
between contrasting effects, in agreement with [43–47]. Furthermore,
particular attention and criticism have emerged in recently published
articles on the reliability of the results obtained for the calculation of
the 𝑏-value as a function of the number of events used and the method
adopted, e.g., [48], and on the spatial and temporal window at which
it is estimated, also suggesting a multi-scale approach [49]. At last,
the positive correlation between fractal dimension of the epicenters
and seismic rate, C𝑉 and maximum magnitudes is a further evidence
of the crucial role of clustering in shaping seismic dynamics. Globally
clustered seismicity dissipates a larger amount of energy with respect
to sequences with lower C𝑉 (Fig. 4 A) even though no clear difference
is observed in the number of events above the completeness magnitude
(Fig. 4 B). So, large earthquakes tend to occur where more intense
seismicity has already taken place. In the present work, we limited
our investigation to epicentral series in order to keep bounded the
uncertainty of D𝑓 , which otherwise would have been made larger by
the hypocentral depth error. Thus, further studies are required to better
understand the role of fractal dimensions and their predictive power
about unobserved extreme events. In order to do so, large, relocated
catalogs based on 3D local velocity models for seismic waves are
needed.

4.2. Physical justification and implications

So far, we have characterized seismicity finding mutual relation-
ships between statistical parameters and, above all, between the fea-
tures of small-to-intermediate events and unobserved large ones; how-
ever, we did not focus on the physical mechanisms producing such dif-
ferences. In this paragraph, we suggest a possible physical justification
of our result.

The number of faults, 𝑁 , in a certain region as a function of their
surface, 𝑆, is well described by the empirical law [50,51]

𝑁 ∝ 𝑆−𝜁 (9)

where 𝜁 is a suitable scaling exponent. Each fault can be connected to
the magnitude of the largest event it can nucleate via the following
relationship [52]

𝑀𝑤 = 2
3
log(𝜇𝑆𝑢) − 6.1 (10)

where 𝑢 represents the average cumulative slip over the fault surface
occurred during the earthquake and 𝜇 is the shear modulus describing
the resistance of the interface (usually in the order of 30 GPa). Fixed
the size of the investigated region, so that also the extent of the largest
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seismogenic source is hypothesized to be somehow constrained, crustal
volumes with higher values of 𝜁 are featured by a more fractured
tectonic setting with a large number of smaller faults; conversely, a
lower 𝜁 corresponds to a poorly developed fracturing with stress mainly
accommodated by a few main surfaces of dislocation. The first situation
is often observed in rifting zones, e.g., [53], transcurrent boundaries,
e.g., [54], and intraplate slow deforming regions; while the second is
common along subduction zones. In the first kind of setting, off-fault
seismicity is quite common and occurs along small faults distributed
throughout the crustal volume; while, in the second one, in-fault events
dominate statistics, being mainly nucleated along large planar faults.
So, in the former case, seismicity is mainly given by the occurrence
of many smaller events that tend to fill the entire crustal volume; this
implies that the proportion 𝐶(𝑟) of pairs of events with interdistance
lower than 𝑟 tends to increase, and, as a consequence, 𝐷𝑓 is higher than
in the latter case. Since the events tend to fill the crustal volume, spatial
correlations would be likely to be established. Although a clear physical
justification of the positive relationship between 𝐷𝑓 and 𝐶𝑉 cannot be
ssessed, it has been, however, observed that aftershocks, characterized
y high time clustering, are mainly enhanced by static and post-seismic
riggering [55–57], whose effectiveness is controlled by a power-law
ecaying kernel as a function of distance from the perturbing event,
.g., [58]. So, 𝐷𝑓 ∝ 𝐶𝑉 . Therefore, broadly fractured zones are also
rone to higher probability of complex cascading rupture of different
ault segments whose activation is triggered by stress transfer, with
espect to fault systems with concentrated fracturing. The seismological
onsequence of this property is that complex fault systems host longer
eismic sequences featured by several events with large magnitude,
.g., in agreement with [59]; therefore, over long-lasting intervals,
eismicity appears to be more clustered in time with respect to what is
xpected to happen along structurally simple plate boundaries, where
arge, Poissonian run-away ruptures have larger chances to occur [40].
oreover, it is worthy to notice that, since at the scale of resolution 𝜉

the surface of interface follows 𝑆(𝜉) ∝ 𝜉−𝐷𝑓 [60], where 𝐷𝑓 in this case
represents the fractal dimension of hypocenters, taking as a reference
an ideal fault system with just one planar dislocation surface, if 𝑆0 is
its area, then, for a generic fault system

𝑆(𝜉) ∝ 𝑆0 𝜉
−𝐷𝑓+𝐷𝑓 (0) . (11)

For large-scale faulting 𝐷𝑓 = 2.20 ± 0.05 [33] is an accepted value.
However, a wide variability has been found with a significant difference
between tectonic settings, as supported by the empirical relationship
𝐷𝑓 ≈ 2𝑏 [61], and depending on depth. Being the number of earth-
quakes as a function of the seismic moment 𝑀0 power-law distributed
(the Gutenberg–Richter law), taking into consideration Eq. (9) and the
moment conservation principle [62], a higher seismic rate is expected
in structurally complex settings. In addition, it is widely accepted
by the scientific community that seismicity is controlled by spatial
rheology gradients [63], rock physics on faults [64] and geometrical
complexities of the seismogenic sources [65,66]. A mechanically weak
interface (low 𝜇) in poorly-competent settings is not able to bear an ele-
vated spatial concentration of stress, producing diffuse small magnitude
seismicity along the interface, e.g., it is the case of silent events along
the shallow section of megathrusts [67]; conversely, strong rheology
(elevated 𝜇 values) and highly-coupled interfaces favor strain and
stress accumulation and, therefore, large seismic events. In the case
corresponding to low 𝐷𝑓 , 𝑏-value and 𝐶𝑉 , even major seismic events
tend to be featured by relatively low stress drops, e.g., [68]. All these
properties are observed along subduction zones and faults with an
elevated degree of maturation, in agreement with [23,69]. Opposite
conclusions can be achieved for the other type of setting. In the light
of this, we suggest that a connection between geophysical properties of
crustal volumes, state of fracturing, statistical and clustering features
of seismicity exists in agreement with previous research, e.g., [70],
with implications for seismic hazard. Since the geological properties

change over extremely long time periods, the seismic behavior can be
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considered almost invariant for the temporal intervals we are interested
in. Lastly, at the spatial scales involved by seismicity from micro-
events to large ones, the mechanical properties of rocks can be roughly
considered the same since rheology gradients usually act at regional
lengths. This implies that also the mechanism of stress accumulation
and release can be considered almost scale invariant by a seismological
point of view. Therefore, where small magnitude events showcase more
clustered behavior in space and time, it is also likely that the same may
be true for major seismicity in the same area, even though still not
reported in catalog.

5. Conclusions

Clustering is the essence of earthquake occurrence. Although not
exhaustive, our analysis is a first attempt to understand what infor-
mation may be hidden in partial, limited earthquake catalogs only
containing mid-size and a few large seismic events (or even no one)
about the largest possible ones. We consider the local and global
coefficients of variation, the scaling exponent of the Gutenberg–Richter
law, the fractal dimension of epicentral series D𝑓 , the seismic rate and
the number of events. We find that the largest earthquakes occur in
locally Poissonian systems (L𝑉 ≈ 1) with globally clustered dynamics
(C𝑉 > 1). What is more interesting, we highlight that, while the local
clustering behavior is strongly dependent on the size of catalog, so
that longer databases tend to be less regular and more Poissonian than
shorter ones, the global coefficient seems to be a reliable parameter
even in cases of rather limited available information (few thousand
events). This observation can be explained in the light of self-similar
dynamics, so, analogous patterns producing both intermediate, large
and extreme earthquakes. The fractal dimension of spatial series is
positively correlated with the seismic rate, C𝑉 and, therefore, with
the maximum observed magnitude in catalog. Conversely, the 𝑏-value
does not show any correlation with the principal observables except for
the number of earthquakes. This phenomenon is due to the different
sizes of mainshocks in various tectonic settings, namely higher in
thrust-faulting than strike-slip- and normal-faulting regions, which are
known to be characterized, respectively, by increasing 𝑏-values. Further
research must be done in order to understand the real potential of these
statistical parameters in the field of earthquake forecasting. We propose
that their predictive power stems from the self-similar nature of slow
dynamics producing the emergence of avalanches and breakdown in
complex systems such as the brittle crust. In the light of this, global
observables are the best candidates for modeling the long-term physical
processes ultimately responsible for large earthquakes. By a physical
viewpoint, they are also the most appropriate to grab and to describe
mathematically the long-range interactions developing in disordered
and critical settings while approaching dynamical transitions. So, our
attention should be drawn to find new global collective observables
showing predictive power and to apply them in order to set up new
models of earthquake occurrence. Prospectively, this approach can be
of great interest, once tuned, to extrapolate the features of extreme, still
unobserved events given a limited database.
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