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Abstract. In the South Andes western edge, a very active seismic contact, with earthquakes up to magnitude 9.5 and ca. 4000 km
in length threatens cities and very large populations. The existence of modern seismological networks along the contact al-
lowed the observation of unprecedented earthquake cycle characteristics, which can improve our ability to estimate earthquake
hazard, a main objective of seismology. Using dimensional and similarity analysis techniques, we show precise mechanical
conditions under which the earthquake generation process unfolds, and theoretically-derive a set of scaling equations linking
renormalized variables. Later on, we test our theoretical results using a curated earthquake point-catalog by using gridding,
box-counting, statistical bootstrap and fixed-point iteration collapse techniques. We found non-trivial scaling laws valid across
multiple orders of magnitude capable of describing a complex interplay between renormalized earthquake occurrence and
renormalized seismic-moment release-rate. We discuss implications in terms of small-strain and seismic-moment release-rate
imposed; cutoff magnitudes, statistical properties of seismicity, how seismic cycle might be analyzed in presence of long-term
correlations, seismic-moment transfer under small-strain conditions, earthquake hazard implications and tectonic status. Fi-
nally, we conclude that exponents characterizing seismicity are related through a set of scaling equations, meaning that all
considered processes have very long-term correlations. The available data suggests a single power law fitting data across the
western edge. These equations were obtained by an asymptotic analysis, also a cascade mechanism is proposed to explain the

observed moment release behavior.

1 Introduction

At the western edge of South America two plates subduct, the Nazca Plate to the north and the Antarctic Plate to the
south (Ranero et al., 2006). This configuration defines the Southern Andes as one of the seismic zones with the greatest
length and seismic activity, far exceeding 4000 km long, where earthquakes up to magnitude 9.5 (Ruiz and Madariaga, 2018)
have been recorded. In Chile, this condition directly affects large communities. For instance Camus et al. (2016) estimated an

affected population of 11 million in 2010 only. Therefore, knowing the behavior of seismicity presents a fundamental scientific



25

30

35

40

45

50

55

https://doi.org/10.5194/egusphere-2026-3399
Preprint. Discussion started: 19 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

challenge, and at the same time a practical public policy issue. The precise determination of statistical laws and conditions
under which the earthquake generation process unfolds requires theory and experimental observations, and advances in one
area or another has positive implications in earthquake hazard analysis. Taking advantage of the unique opportunity that this
geographic area represents, during the last decades large instrumental network-installation and maintenance efforts have been
put in-place that have made the construction of earthquake point-catalogs possible, allowing exploration of previously unob-
served properties over a greater dynamic range of source dimensions. Therefore, it is expected that these new observations will
lead to new extended laws that will improve our understanding of the processes occurring in the crust, and ultimately improve
our ability to estimate earthquake hazard.

In connection to hazard is the notion of seismic cycle and the proper-length scale attached to it, naturally the largest scale
is intensely studied because it determines the maximum credible earthquake, relevant in hazard studies. For example, on the
western edge of the Andes, between 18 and 24°S latitude Métois et al. (2013) have established a series of segments, whose
proper-lengths are believed to have some predictive power when analyzing the geodetic coupling. Similarly between 26 and
30°S latitude, there is a well known segment, quiescent since the 1922 Mw 8.6 earthquake (Ruiz and Madariaga, 2018). These
segments, approximately 500 km, are associated with return periods ca. 100 years, therefore it is natural to inquire about the
relationship among those quantities.

We then face a problem of maximum earthquake size, occurrence time and affected area. We should add a degrees-of-
freedom dimension, as geological evidences have shown that interaction between crust faults plays a fundamental role (King
etal., 1994; King and Cocco, 2001). A simple tool much used when no firm theoretical foundations are available is dimensional
analysis. It is based on well known mathematics as group theory and geometrical similarity, nonetheless its consequences are
deep. It allows determination of general relationships between relevant physical parameters and most of the times a simplifica-
tion in terms of number of variables involved (Bridgman, 2007; Zorich, 2010; Barenblatt, 1996).

Central to the idea of analyzing the particular behavior of the phenomenon by means of dimensionless variables, is the
existence of an intermediate asymptotics, that is, the regime where the phenomenon is sufficiently far from the initial conditions
but at the same time it is far enough from its final equilibrium state. To cite an example, Kostrov’s solution to the circular fault
growth problem is bounded by two well-defined boundaries, on the one hand are the phenomena that take place in the process
zone at the tip of the fault, which correspond to rather microscopic lengths, and on the other hand are the phenomena that
take place at the edges of the fault which are macroscopic lengths. Between both boundaries, there is a length range where
the fault grows in a self-similar way, whose scale laws dominate and which corresponds to the intermediate asymptotics of
the phenomenon. Thus, it follows that by analyzing the asymptotic behavior of the variables, which are local conditions of the
problem at hand, it is possible to establish or discard the appearance of this privileged regime. For a detailed description of the
intermediate asymptotics idea as well as multiple applications see Barenblatt (2014).

Our paper is organized as follows: In Section 2 we describe the problem of seismicity generation framed in a seismic-
moment loading-unloading cycle. We then extract precise conditions, based on observations, to simplify the problem and make
the main similarity assumptions. Then we propose scaling relationships. This set of novel equations represent the correlations

developed as the seismicity phenomenon unfolds. Section 3 presents a review of the tectonic context in which the scaling
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equations are intended to be applied, and describes the existing instrumentation and data set. Subsequently, the methodological
and statistical elements used to process the earthquake point-catalog information are shown in Section 4. In Section 5 the results
are presented and the scaling characteristics and properties are given. In Section 6 various implications regarding hypothesis
made, treatment of earthquake data, catalog properties, earthquake interaction (seismic-moment transfer), seismotectonics

processes, and earthquake hazard are raised. In Section 7 several relevant conclusions are drawn.

2 Problem setting

As the Earth’s crust is the place where the earthquake generation process takes place, let us consider a region R (Figure 1)
where the main elements in consideration are set. Let us parameterize the crust by considering the class of systems of units
where seismic-moment, length and time (MLT) are used to describe the quantities of interest. Thus, for example, forces are
measured in units of seismic-moment per unit length, energy and work are measured in units of seismic-moment and power is
measured in units of seismic-moment per unit time. We suppose that the crust is characterized by a seismogenic thickness H.
A certain power R —the main source of available energy— is injected into the crust from the heat flux through Earth’s mantle
and it is applied at ocean expansion rifts over a very long time 7" as a tectonic loading process. A fraction @) of the injected
power R is freed when, as time goes by, crust-faults slip a certain amount u releasing a stress-drop Ao, producing earthquakes
whose sizes are measured through a scalar seismic-moment Mo. Therefore () represents a seismic-moment release-rate, this
way, there is a residual energy budget that might account for a wide spectrum of motions known (Ide et al., 2007) not measured
in earthquake point-catalogs. In general () < R, and for many cycles of a characteristic earthquake size, an interevent time
distribution might be estimated by 7 = Mo/ R, and this recurrence phenomenon can be consecutive events located in the same
place (first-return events) or scattered at a distance ¢ (all-return events) within the region bounds. It follows that n, 7, £ and Mo
are random variables over R, and given that the region of interest might change, these variables better be considered in full
generality as random-field processes.

As a hazard approximation, we wish to estimate the number of events per unit time and unit area n taking place in the given
geographic region of interest R, during the observation period 7' given by a general relation ¢ linking n and the aforesaid

parameters:
n:¢(€7T7AJ’T’MO7H’u,Q)- (1)

Table 1 shows powers of the dimension function for each parameter, for instance, the dimensions of the number of events
distribution are [n] = L2 T, the dimensions of the stress-drop are [Ag] = M L3, the dimension of the interevent distance
is [¢(] = L, and the dimension of the interevent time is [7] = T.

Thus, the number of events distribution 7 is a function of 8 parameters. As MLT has 3 independent units, there are 3 quantities
with dimensions that might be considered independent, let us choose Ao, ¢ and 7. Therefore, there are m = 5 parameters with
dependent dimensions. According to dimensional analysis (Sedov, 1993) a function & exists such that:

n <I><T Mo H u Q )
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Figure 1. Cross section sketch of a subduction border. An energy injection is placed west with a power R, feeding a complex tectonic process

with characteristic geomorphologies (trench, coastline and cordillera) induced by a Continental Plate overriding an Oceanic Plate. Within a

region R, random variables ¢, 7 and Mo characterize an earthquake process with rate ) across a larger volume with proper-length H. The

observation period 1" determines the longer time periods available for study. Depths and graphic scale as indicated.

Table 1. Powers of the dimension function in the MLT class for each parameter used in text. Note that n has flux units and Ao has density
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which is a general result obtained from units alone. In mathematical terms, ® is symmetric with respect to a group of trans-

90 formations defining change from one system of units to another within a given class of systems of units. In physical terms,

meaningful laws cannot depend on the choice of units, therefore it must be possible to express them using relationships between

quantities that do not depend on this arbitrary choice, i.e. dimensionless combinations of variables.

Let us introduce the dimensionless quantities:

n T Mo
T Ur ==, Ty = Agl3’
H Q
95 ==, H,=%, Ig=-——,
"= 0T Mgt



100

105

110

115

120

125

https://doi.org/10.5194/egusphere-2026-3399
Preprint. Discussion started: 19 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

The relation (2) might then be expressed as follows:
IT =& (IIp,II, ), 1, 10, 11g) 3)

If we would like to obtain the earthquake occurrence probability distribution, that is to say to sample the distribution II, we
should explore a space of 5 dimensions, one for each dimensionless quantity. If we consider 10 independent observations to
estimate the expected value of these dimensionless quantities, we get that an earthquake point-catalog should have at least 10°

observations, reasonable smaller than 10® elements of the original formulation in Eq. (1).
2.1 Complete similarity conditions

On a physical level a parameter is considered essential, i.e. governing the phenomenon, if the value of the corresponding
dimensionless parameter is not too large or not too small (about 0.1 and 10). Thus, let I < m define a subset of the parameters.
If the dimensionless parameters 1I;4,...,II,, are small or large, it is assumed by convention that the influence of these
dimensionless parameters, and consequently of the corresponding dimensional parameters, can be neglected (for a discussion
and theorems sustaining this procedure see Barenblatt (2003)). If these conditions are actually satisfied for sufficiently small

or sufficiently large IT;44,...,II,, the function ®(IIy,...,IT;,II;4q,...,II,;,) can be replaced by a function ®* with fewer

arguments:
II=9o*(I1y,...,II,). “)
In such cases, we speak of complete similarity or similarity of the first kind of a phenomenon in the parameters II; ¢,...,II,,

(Barenblatt, 1987).

Below, we review for each of the dimensionless parameters in Eq. (3) their asymptotic behavior. Such that when these
parameters are reasonably bounded around 1 they are considered governing parameters, i.e. kept in the physical model and
when these parameters goes to zero or infinity, a similarity hypothesis will be made.

The observational period 7" and the interevent times 7 define Iy, it happens that IT7 is the inverse of Deborah number De ™!,
used in very-short or very-long term rheology experiments (Huilgol and Phan-Thien, 1997; Mendecki, 1996). Deborah number
is the ratio between the characteristic relaxation (response) time of a body subjected to a load, and the process loading-time
duration itself, thus for De < 1 the body behaves like a liquid and for De >> 1 like a solid. The parameter II represents a
normalized frequency and poses a very common problem in seismology and geodesy, that is the fact that the tectonic seismic-
moment release process spans millions of years, meanwhile modern earthquake point-catalogs are only decades long (Mueller,
2019). Although historical data might increase the observation period to hundreds of years (Lomnitz, 1970, 2004; Udias et al.,
2012) and paleoseismology to thousands (Cisternas et al., 2012; Vargas et al., 2014) in most scenarios Il is very uncertain. In
practice, for an open observation period we cannot know which events have interevent times much smaller than the observation
period. Thus a noticeable number of earthquake pairs will have interevent times 7 as large as the observation period 7', therefore
II7 ~ 1. This parameter cannot be neglected.

The dimensionless parameter IT, , is discussed by Golitsyn (2007, 2001). The factor Mo/ Ao represents, according to Tsuboi

(1940) and Tsuboi (1956), a representative volume where seismicity takes place. Thus, every earthquake is endowed with a



130

135

140

145

150

155

https://doi.org/10.5194/egusphere-2026-3399
Preprint. Discussion started: 19 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

proper-length scale \S/M (Aki, 1972; Kostrov, 1974). It has been known for a while the remarkable low fluctuations of
Ao, and various scaling laws can be derived from this observation (Kanamori and Anderson, 1975; Aki, 1967). A common
value for stress-drop is Ao ~ 4 MPa (Allmann and Shearer, 2009; Yoshimitsu et al., 2014; Goodfellow and Young, 2014), thus
if stress-drop is nearly constant, then the seismic-moment should scale with the cube of this length scale (Madariaga, 1979)
and II, , is expected to fluctuate heavily in earthquake point-catalog surveys, displaying very large and very small values never
approaching an asymptotic limit and then cannot be neglected.

The parameter 11;; plays a role similar to inverse Knudsen Kn~" number in statistical physics (Rapp, 2016). It is the ratio
of seismogenic thickness H controlling the spatial region of interest and the interevent distance . IT;; represents a normalized
wavenumber. For most earthquake pairs ¢ will be small compared to H, so II; should be very large, but long-range space
correlations (Kagan and Knopoff, 1980) implies that a considerable number of earthquake pairs will have interevent distances
comparable with the seismogenic thickness, therefore II;; ~ 1 remains essential (Aki, 1996) and cannot be neglected.

The dimensionless parameter 11 represents the seismic-moment release-rate process. This governing parameter is the most
uncertain variable, as our current earthquake point-catalogs only contains very gross information, in practice we estimated
Q@ by the total seismic moment released divided by the observation period, so that Q ~ 1.50-10'? W. The fault slip « is a
parameter that scales with the seismic-moment with a power-law (Aki, 1972) thus II,, is not expected to be constant, but as
long as the interevent distance ¢ remains long enough compared with fault slip, this parameter, that represents a finite strain,
will be small. In simple words, given an earthquake pair with interevent distance /, if one of them is very large in size, such that
its fault-length is much greater that ¢, then its pair might be considered stationary and likely not influence whatever in-place
interaction mechanism present. It is therefore natural to introduce a first similarity hypothesis regarding small finite strains and

propose a further simplification of Eq. (3):
1= o (HT,HMoaHanQ)v (5)

i.e. based on observational facts, we claim there is complete similarity in the parameter II,,. We expect therefore the function

® to converge —fast enough— to a non-zero limit ®* when the aforementioned dimensionless quantity goes to zero.
2.2 Incomplete similarity conditions

The situation just described is far from being the general case. According to Barenblatt (2003) when the dimensionless param-
eters I;41,...,1L,, go to zero or infinity the function ® does not necessarily tend to a limit. Therefore, the physical parameters
remain essential, no matter how small or large the values of the corresponding dimensionless parameters I1;1,...,II,, are. It

just happens that there exists another class of phenomena, wider that the class of complete similarity phenomena, where the

function ® have at large or small values of II;,...,II,, the property of generalized homogeneity in its own dimensionless
arguments:
I II
@:Hf‘ﬁl...ﬂﬁﬁqﬁ( o L R L 61), (6)
In! - T It - I
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where a;41,...,0,,01,...,0; are unknown exponents. Equation (3) comes from (group) covariance of meaningful physical
laws under a change of units, on the other hand the generalized homogeneity of Eq. (6) is a particular property. The exponents
cannot be obtained, even in principle, by dimensional considerations, i.e. they are not universal and they depend on specific
conditions of the problem under study. The parameters II;,1,...,II,, —which are violating complete similarity— do not
disappear from the analysis, they continue to remain essential, no matter how large or small its similarity parameters are. We
say the solutions scale with the dimensionless quantities II;1,...,II,,. As proposed by Zel’dovich (1956), in such cases we
speak of incomplete similarity or similarity of the second kind in the relevant parameter. Often, the exponents are obtained by
fitting experimental results, observations, or by numerical modeling. They tend to be real non-rational values, physicists call
these exponents anomalous dimensions (Wilson, 1975) and the scaling procedure bears the name renormalization (Kadanoff,
1966) which is a by-product of covariance of ®* under rescaling of its own dimensionless arguments (Goldenfeld, 1992).
Starting from early models of seismicity viewed as critical systems (Main, 1996) and beginning with the work of Bak
et al. (2002); Christensen et al. (2002) and the research of Kossobokov and Mazhkenov (1994) a systematic generalization
of earthquake scaling relations took place. It is now recognized that a wider set of laws rule the seismic-moment release-rate
process in the crust (Corral, 2003). Equation (5) expresses earthquake occurrence statistics under very restricted complete
similarity conditions. Extensive observational data describing long-period interevent time correlations (Omori, 1894; Utsu
et al., 1995; Ogata, 1988; Jones and Molnar, 1979) suggests that there is incomplete similarity in the parameter II7 under

conditions of large (and small) values of the dimensionless parameter, that is:

m, T, II
I=15¢*" | M H 9 ) )
g T 1109

where o, oy, gy and oy are real-valued exponents. Analogous conditions over seismic-moment dimensionless parameter II, ;,
are well known (Gutenberg and Richter, 1956):

(1 I
H:H%H@(@( H @ ) (8)

a1 7 1% A
7 hp T2

Mo

where 3, B, and /%, are real-valued exponents also. Similar evidence regarding long-range interevent distance correlations (Ka-

gan and Knopoff, 1980; Scholz and Aviles, 1986; Okubo and Aki, 1987), as well as (renormalization) group symmetries (Cor-

ral, 2005) suggests that under conditions of large (or small) values of the similarity parameter 11, incomplete similarity exists,

that is:

11 = [I§ 117, 117, &* <% H/z = ) : ©)
" My 1Ty

with y and 7, real-valued exponents. Rearranging terms, a symmetrical form might be obtained that can be interpreted in terms

of renormalized parameters only:
I = (I, (10)

where II* is the renormalized event number and HZ? is the renormalized seismic-moment release-rate number. Thus, the

Eq. (10) represents a second similarity hypothesis, regarding long-range correlation conditions. We must remark that exponents
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a, B Y50, ﬁ@ and 25 define events number distribution given the particular seismic conditions (interevent times, interevent
distances, seismic-moment, seismic-moment release-rate), tectonic conditions (stress-drop and seismogenic width) and other
region-dependant parameters (observation period). Note that constancy of ) lead us to a third hypothesis regarding steady

seismic-moment release-rate conditions.

2.3 Scaling equations

Going back to the original variables in Eq. (9) we might write a formulation in dimensional form:

nt? Mo 4 = f(rPe Moba (@), (11)

where f is a scaling function depending on tectonic conditions at play. We remark that all three hypothesis regarding similarity

and seismic-moment release rate are already taken into account. We can compare term by term Eq. (9) and (11) and obtain:

12)

Which translates the specific properties of the problem from dimensionless variables to exponents. These conditions are termed
scaling relations, and represent fundamental objects in critical phenomena theory (Widom, 2009). In our interpretation, these
scale equations represent the intermediate asymptotics regime where seismicity is ruled by power laws. The exponent p con-
trols time correlations between events, it is indirectly related to Omori law (Godano, 2015), d is related to epicenters fractal
dimension (Scholz and Aviles, 1986) and b is related to seismic moment scaling (Kanamori and Anderson, 1975). Note that
Gutenberg-Richter balance exponent bgg is defined with respect to survival (complementary cumulative) magnitudes, and as
we use seismic-moments we have b = %bGR (Serra and Corral, 2017). Also note that using cumulative experimental histograms
avoids 1 + /3 exponents that are source of confusions (Kagan, 1994). When ®* is linear, exponents p,, dg, and b, are reduced
to power law behavior, which is a very special case, and tapered exponential has long been advocated (Main and Burton, 1984;
Kagan, 1994). By inspection of (12) it can be said that interevent-times exponents are independent in contrast to interevent-
distances and seismic-moment exponents, which are always related. Note that while p should be positive so that a decay in
events number follows increasing interevent times, b and d are more complex. Aki (1981) stated two scenarios for faults: linear
objects filling a surface (1 < d < 2), or planar objects filling a volume (2 < d < 3).

Working on disordered materials Carpinteri and Chiaia (1997) suggested two scenarios in fatigue cycles, a loading process
defined over lacunar (Cantor-like) sets where progressive void-appearance speeds-up failure by stress concentration, and a
release process defined over invasive (Koch-like) sets where progressive detail-appearance speeds-up dissipation by surface-
energy build-up. As seen in Figure 2 there is ample space for those scenarios depending on «y values. For instance, if y = —1
then invasive sets with dimension d < 1 support moment distributions as long as b < 1/3. On the contrary lacunar sets occur
for b > 1/3, and values of v = —2 are always associated with lacunar sets, as long as b > 0.

Finally, a consideration is to be made regarding fractal dimension. In this case the calculated exponents corresponds to bidi-

mensional box-counting dimension dgc, which is an upper limit for Hausdorff dimension dy (Ott, 2002), therefore dyiy < dpc.
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Figure 2. Scaling laws representing the relationship between b and d for various values of «. Admissible values for b are positive, while d

values can be positive (invasive sets) or negative (lacunar sets). Laws with v < —2 always represent lacunar sets for b positive, laws with

—2 < represent lacunar or invasive sets depending on different values of b. Fractal dimensions for Koch curve and Cantor triadic set are

shown as reference.

3 Sismotectonics and data

3.1 Southern Andes tectonic framework

As shown in Figure 3a the Nazca plate advances at 68 mmy~! (Norabuena et al., 1998) in a N76E direction (Angermann

225 etal., 1999) with respect to South America, forming a convergent contact. The trace of convergence (trench) is roughly aligned

NS at the greater bathymetric depths. Under the continent, the northern subducting plate segment shows a simple (planar)

but abrupt (high angle) morphology up until 33°S (Contreras-Reyes et al., 2012), correlating with a tectonic erosive regime

along the overriding plate base. The southern segment shows a flattened subduction plate and a tectonic accretionary border

that reaches up until 45°S where an erosive regime develops again. Further south, the Pacific Plate subduces South America

230 at 18 mm y~! under accretionary conditions not fully understood yet (Ranero et al., 2006). The volcanic arc (mostly) follows
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the aforementioned tectonic regimes with active volcanoes distributed along the Andes with a sharp gap between 30 and
35°S (Ranero et al., 2006). From 2001 onwards various earthquakes with magnitudes greater than 7.0 have been recorded.
Northern notable earthquakes are the 2005 Mw 7.8 Tarapacd earthquake, the 2007 Muw 7.8 Tocopilla earthquake, the 2007
Muw 7.7 Iquique earthquake and the great 2014 Mw 8.2 Iquique earthquake. Central South Andes has not presented earthquakes
greater than 6 after 2001, but extensive swarms have been recorded. Southern notable earthquake are 2001 Mw 7.0 Papudo
earthquake, the great 2010 Mw 8.8 Maule earthquake, the 2011 Mw 7.1 Arauco earthquake, the great 2015 Mw 8.3 Illapel
earthquake and the 2016 Mw 7.6 Chiloé earthquake. A thorough description of these events can be found in Ruiz and Madariaga
(2018).

Active/Inactive volcano

20°S{ 20°S

25°S §

25°S §

30°S 30°S ) 30°S

Slab depthkm
Focal depthkm

75°W  70°W 75°W  70°W 75°W  70°W

Figure 3. Tectonic, network and earthquake point-catalog context. Left a) plane view of western South America. The subduction trace (trench)
is roughly axial to coast line. The Nazca plate advances at 68 mm y ' long-term velocity. A volcanic arc appears parallel to coastline with
a remarkable gap correlated with a flatter subduction interface (colored isobath lines). Center b) The seismic network being operated, also a

grid with cells covering the region of interest. Right c) Seismicity during 2015-2017 period as published by (Derode et al., 2019).
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3.2 Seismic catalog

Figure 3b shows the station network managed by the Plate Boundary Observatory (IPOC), Geoscope, the Global Seismograph
Network (GSN) and the Chilean National Seismological Center (CSN). A variety of instruments compose the network. Bar-
rientos (2018) reports the use of modern broadband and accelerometers distributed across the western South Andes border.
Thus, there is spatial covering homogeneity but heterogeneous instrumental capacity. In Figure 3c the earthquake point-catalog
used in this study is shown, where 6274 earthquakes were detected and analyzed with FMNEAR method (Delouis, 2014)
from January 1st, 2015 until December 31, 2017. This method uses fast waveform modeling and has the ability to obtain joint
hypocentral localizations and moment tensor, this way a very coherent catalog with precise source position, timing and seismic
moment is obtained. In this sense, FMNEAR catalog is a robust and low dispersion experimental dataset. Its short time period
is compensated by the high seismic rate and wide moment range observed in southern Andes. Earthquake hypocenters with
shallow depth near the trench represent ca. 60% of the catalog whereas 30% are intermediate-depth events (> 70 km), occur-
ring mostly north of 25°S latitude, with prominence between 19 and 23°S. Maximum estimated earthquake depth is 390 km

while magnitudes range between Mw 1.7 and 7.8, see Derode et al. (2019) for further details.

c gk A R

V%

=7

Ch 7

(¥

DNANANANAN

N CANAN

Figure 4. Earthquake point-catalog sketch and gridding-technique. An earthquake point-catalog might be intersected with a grid G covering
aregion R. An evolution process marked at specific points in time s and ¢ where earthquakes occur is induced, thereby creating a subcatalog

Cihj for every cell g{;, 1,7 =1,2,..., within the grid. As different proper scales h are explored, the process precise description changes.
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4 Methods
4.1 Gridding and box-counting

The main data analysis tool is the gridding and box-counting technique (Feder, 2013) as shown in Figure 4, right panel. The
h

ij
indices. The intersection of an earthquake point-catalog C with G" generates subcatalogs C{‘j composed of all events within

region R is covered by a bidimensional grid G" composed of cells G, with proper-length h, where i, j = 1,2, ... are positional
the cell Qihj as illustrated in Figure 4, left panel. We interpret these subcatalogs as sample paths of a punctuated random-field
process portraying a deformation field, with earthquakes acting as points scattered at distances always shorter than i within
QZ A key observation is that grid cells at the scale & act as a restriction over the random-field process and its random variables,
as the cell proper-length h becomes an upper bound for the interevent distance distribution, this threshold sampling implies a
mild declusterization (Janiéevi¢ et al., 2016). A second key observation concerns the temporal seismic-sequence ordering, as a
mainshock and its foreshock-aftershock sequence might be placed on different sample paths (subcatalogs) as we go to smaller
or larger cell proper-lengths, it follows that earthquake denominations become local and scale relative.

To fulfill the first similarity hypothesis, a cutoff must be imposed on every event in every subcatalog. We built the cell
proper-lengths matching the typical earthquake source radius 7% = 1—76 % from Madariaga (2020) and we selected only those
events with estimated radius smaller than cell proper-length h, under these conditions II,, is always small. Subcatalogs with 4

events or more are retained, although 3 points are required by most unbiased maximum-likelihood estimators and 2 points are

required by unbiased variance estimators.
4.2 Statistical tools

Our random path interpretation across cells is based on a locally homogeneous idea introduced by Kolmogérov (1941b), that
is distributions on the grid cells g{; for a given proper-length h are independent on the initial time and they depend only
on differences along the paths (time stationarity) and across the cells (space homogeneity) this conditions allow us to obtain
meaningful experimental histograms for random variables like 7, £ and Mo for a given proper-length scale h. For each cell, after
the subcatalogs are obtained, maximum interevent times, maximum interevent distances and maximum seismic-moment are
calculated, and these new random variables, by dimensional considerations, also follow the scaling relations in equations (11)
and (12) thus they represent valid statistical estimators. The use of maximum values for the cell random variables is also
a dimensional reduction operator and acts like the majority rule in spin £1 systems (Wilson, 1979), where passage from
smaller to larger cells is accomplished by selecting the most frequent spin. This is another justification for the coarse-graining
renormalization terminology used. This choice of maximal bounds avoids the use of binned density histograms, therefore we
obtain cumulative experimental histograms which are more stable than density statistics known as source of problems in power
law data (Virkar and Clauset, 2014) and also smears a known bias when fitting logarithmic data with least squares (Goldstein
et al., 2004).

The scaling function ®* in Eq. (11) is unknown, and supposing a power law translate the problem to a careful exponent esti-

mation using constrained optimization fit (Branch et al., 1999). We understand this collapse procedure as fixed point iterations
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—using the renormalization group— in search for the special situation where all data fall-in a single curve that represents a
stable point in the parametric space, see Houdayer and Hartmann (2004). From a seed around stable exponents, 2500 iterations
are produced each time sampling 25% of the data, so that mean values with 20 reverse bootstrap percentile intervals (Diaconis
and Efron, 1983; Efron and Tibshirani, 1994) are reported (see Table 3).

5 Results

First order statistics are shown in Table 2. We used 6 grids, having cell (edge) proper-lengths between 3-1000 km. The grid
with cells ca. 100 km proper-length is shown in Figure 3 b, see links to maps and tabulated statistics in the Open Research
section. The number of cells decrease from 4848 at proper-length 3 km to 4 at proper-length 1000 km, representing a lacunar

fractal with dimension 1.24. Including the lower bound on number of events, cells decrease from 429 to 4.

Table 2. Grid characteristics used in the study, see Figure 3b. For a given proper-length h a set of cells ij, 1,7 =1,2,... is laid out over
aregion R. A set of subcatalogs CZ is created, one for each cell. We interpret them as random paths, see Figure 4. Random variables over

those paths are 7, £ and Mo. We show basic upper-lower bounds for maximum estimators over the path ensemble indexed by h.

7 V2 <h cell count interevent times 7 scalar moment Mo interevent distances /¢

m us Nm m

i>1 >4 upper lower upper lower upper lower

3.3-10° 4848 105 9.24-10'% 2.16-10'' 3.98-10'¢ 7.94-10"% 4.40-10° 1.45-10°
1.0-10* 2498 429 9.38-10** 1.73-10** 1.26-10'® 7.94-10® 1.37-10* 3.08-10°
33-10* 688 312 9.43-10® 6.14-10'? 2.82-10*° 7.94.-10% 4.78-10* 1.12-10*
1.0-10° 154 88 946-10% 2.76-10'® 6.31-102° 6.31-10'* 1.48-10° 3.35-10%
3.3.10° 29 20 9.46-10% 4.86-10'® 6.31-10%° 2.00-10'® 4.83-10° 6.70-10*
1.0-10° 4 4 946-102 8.75-10"® 6.31-102° 1.00-10*° 1.16-10° 6.59-10°

The grid with proper-length 3.3 km, containing events with interevent distances ¢ no greater that 4.7 km, show maximum
interevent times from 2.16 - 101! s to 9.24- 10 s, a range from days to years. The grid with cell proper-length 10 km shows
a similar period range. The grid with cell proper-length 33 km show maximum interevent times range from 6.14 - 10'2 s to
9.43-10'3 s, weeks to years. Grids with proper-lengths 100, 333 and 1000 km have lower and upper maximum interevent
times in the years range. Scalar seismic moment shows the effect of the first similarity hypothesis, as earthquake sizes (in terms
of source radius) shows a cutoff depending on cell proper-length, therefore the seismic-moment ranges are bounded based on
geometric and physical conditions within a grid. Interevent distances shows the restrictive effect of the threshold sampling
induced by grid cell proper-length, it happens that £/+/2 < h.

Figure 5 show cell maximum dimensionless interevent frequency 11 versus dimensionless event number II. Different sym-

bols represent cell proper-length as shown in Table 2. Symbol sizes represent cell maximum magnitudes. Longer interevent
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times have dimensionless parameter 17 ~ 1, shorter interevent times have II7 — oco. The longer observed times with 11 ~ 1
happens always at i ~ 1000 km —star symbols— and those larger cells contain larger number of events. Then a general trend
of shorter cell maximum interevent frequency is seen as cell proper-length diminishes —square and pentagon symbols. Note
also the natural decrease in cell event number because of shorter cell proper-length with very large IIr. Big symbols indi-
cating larger cell maximum magnitudes are associated with large II values, a signature of aftershock clustering, but there are

considerable fluctuations. In general, a very skewed distribution emerges, with appreciable dispersion.
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Figure 5. Statistical properties of cell maximum frequency I1r. Different symbols represent cell proper-length as shown in Table 2. Symbol

h

sizes represent cell maximum magnitudes. For each cell G;;, 7,5 = 1,2,... at every cell proper-length h the cell maximum interevent fre-

quency 117 versus the cell dimensionless event number 11 is shown. See text for description.

Figure 6 show cell maximum dimensionless seismic moment I, versus event number II. Different symbols represent cell
proper-length as shown in Table 2. Symbol sizes represent cell maximum magnitudes. Cells with longer proper-length —star
symbols— have large event number II but they do not have the larger cell maximum dimensionless seismic moment II,, .
Some large cells —with circle symbols— have very small cell maximum dimensionless seismic moment II,, despite large

cell moment magnitude (bigger symbol sizes). In general, a very skewed distribution emerges, with appreciable dispersion.

14



315

320

325

https://doi.org/10.5194/egusphere-2026-3399
Preprint. Discussion started: 19 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Cell proper lengths

& 999 km 333 km 100 km
W 33 km 10 km 3 km

108 | Cell max magnitudes

® Small ® Medium @ Large

14
= 3
S

102 4 13 &
1 (0]

>

o

Q

€

12 5

£

(@)]

10° 4 e}

1076 1074 1072 100

Iy,

Figure 6. Statistical properties of cell maximum dimensionless seismic moment II,,,. Different symbols represent cell proper-length as

shown in Table 2. Symbol sizes represent cell maximum magnitudes. For each cell in G”

>, = 1,2,... atevery cell proper-length h the cell

maximum dimensionless seismic moment II;,, versus the cell dimensionless event number I is shown. See text for description.

Figure 7 show cell maximum interevent wavenumber II;; versus II. Different symbols represent cell proper-length as shown
in Table 2. Symbol sizes represent cell maximum magnitudes. Cells with longer proper-lengths —star symbols— have the
smaller dimensionless interevent wavenumber and cells with shorter proper-length —square symbols— have larger dimen-
sionless interevent wavenumber. Event number II tends to be larger for smaller II;; but there is mixed behavior as II;; — oo.
The gridding technique restrictive action is seen as cell maximum interevent wavenumber tends to be clustered around a fixed
proper-cell length h, so that £/4/2 < h. In general, very skewed distributions emerge as well.

In Figure 8 a plot sequence illustrating renormalized seismic-moment release-rate II7, versus renormalized event number
II* curves is shown. Colors represent maximum interevent times, symbols represent cell proper-lengths and symbol sizes
maximum magnitudes. Coefficients used to scale dimensionless variables are indicated in the legend. Each plot shows ®* as a
function of v = —3,—1,0, 1,2, 3. Upper-left plot, with v = —3, shows curve splitting and ®* multivaluedness. Judging by the

colors, maximum interevent times are scattered with no evident pattern. Cells with large maximum magnitudes are placed at
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Figure 7. Statistical properties of cell maximum interevent wavenumber Ilz. Different symbols represent cell proper-length as shown in

h

Table 2. Symbol sizes represent cell maximum magnitudes. For each cellin G;;, 4,7 = 1,2,... at every cell proper-length h the cell maximum

dimensionless interevent wavenumber 11z versus the cell dimensionless event number II is shown. See text for description.

small II7, values with long h. Although same proper-length cells tend to be grouped together, there is increasing dispersion as
h decreases. No unique scaling function ®* can possible describe this situation. As -y increases all cells tend to a single curve,
diminishing overall dispersion. We interpret this process as a renormalized fixed point iteration flow (McComb, 2003).

In Table 3 a comparison from theoretical models and studies with similar scalings laws are shown together. The row la-
beled theory refer to branching model as explained in Kagan (1994), we use Eq. (12) to fill-in the corresponding values with
B = —1/2 and a fractal surface. Kossobokov and Mazhkenov (1994) propose a magnitude-distance analysis, therefore o = —1
to give p = 0 (same with ag) and also BQ =0,7p =350 that only /3 and + are fitted with observations from Southern Cali-
fornia between 1980 and 1987. Bak et al. (2002) uses a time-magnitude-distance analysis with a very particular ansatz with
ag = 0, 8=0 and v = —2, so that o, B¢ and ~yg are fitted with observations from California between 1984 and 2000. We
can not faithfully compare these data, given the evident differences in methodology, but general observations can be made.
It can be said that our results are more general, because times, distances and seismic-moment have one pair of exponents,

an idea first explored by Bak et al. (2002). Our calculations show exponents obtained after the proposed collapsing process
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Figure 8. Collapsing process. Plot sequence illustrating cell maximum IIf, versus cell II" curves collapsing as a function of

Y% = —3,—1,0,1,2,3 as indicated in the legend within. Minimum dispersion state might be clearly observed as -, grows, see Figure 9

where a final state has been reached. This evolution process might be interpreted as a renormalized fixed point iteration flow (McComb,

2003). Referential seismogenic thickness H = 1.00 - 10° m, observation period T = 9.46 - 10" s (3 years) stress-drop Ac = 4.00 - 10° Pa,

and seismic-moment release-rate Q = 1.50 - 102 W
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Table 3. Scaling exponents as seen in Figure 9, referential value from theory and other studies with similar scaling laws are shown as

reference, see text for discussion.

@ B ¥ aq l65) @
theoryt —1.00 -1 —1.50 —1.00 +0.00 +3.00
Southern California® —1.00 —0.599:92 —2.269-54 —1.00 +0.00 +3.00
Californiat +0.003:23 +0.00 —2.00 +0.00 +0.70929 +2.200-29

collapsed] —0.59983:3518 —0.6900 —1.39493:0912 —0.10020:9913  +0.8900  +3.89473:3%:¢

T Values in: Kagan (1994), b = bgr = 3/4 and + a fractal surface

¢ Values in: Kossobokov and Mazhkenov (1994), bar = 0.89,d = 1.51

¥ Values in: Bak et al. (2002), p ~ 1,pg = 1,bg =bgr >~ 1,dg = 1.2

q Stress-drop Ao = 4.00 - 106 Pa, seismic-moment release-rate @ = 1.50 - 1012w

with bootstrapped lower-upper indices for left-right statistical deviations. Seismic-moment 3 and [, exponents do not display
appreciable variance to be reported, which is consistent with findings in Kagan (2002). Likewise «, o), v and 7, also have
small variability and all of them show a mild statistical skewness, that is, a slight difference between left and right deviations,
though they are very stable. If the comparison is valid, there is a positive bias in ag, and 7, with respect to theory and studies
in California, probably because of maximum statistics used here and differences in tectonic environment.

In Figure 9 a final state is shown. A single function II* = &* (HZQ) is displayed. There is considerable scatter, but a general
trend where data at all involved scales collapse across 11 orders of magnitude. In this particular case —averaged over a large
geographical extent fitting data across Southern Andes— a single scaling function ®* with power-law shape IT* ~ IT5 €, € =
—0.835 might be proposed, but we do not rule out a tapered or other scaling laws, see Siegel et al. (2022) and Discussion below.
Coefficients used to renormalize n and @) are indicated in the legend and also in Table 3. Considering the large geographic
extent, scaling exponents should be taken as averaged values, as fluctuations are present when considering each grid alone.
These exponents are not material parameters, they depend on the problem at hand, including its boundary conditions, so that
specific places with different values are perfectly possible. Note that cells with large maximum seismic moment, shown as
big symbols, do not align with dimensionless seismic moment release-rate, which is critical in seismic risk analysis, this is
the most important similarity property, because after the proposed renormalization, cells very far away in terms of interevent

times, interevent distances or seismic moment might end-up very close in this plot.

6 Discussion
6.1 Similarity hypothesis

Considering the first similarity hypothesis about small-strain condition over I1,, i.e. the condition on fault-displacements much

smaller than ¢, it might be said that it allows a statistical treatment across cells within a grid, i.e. no seismic event can grow
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Figure 9. Collapsed scaling situation. Cell maximum renormalized seismic moment release-rate 17, versus cell renormalized event number
II* collapsed state, note the strong overlapping in terms of cell proper-lengths and cell maximum interevent times, which is critical in
earthquake hazard estimation. A power-law behaviour ®* ~ II7,“ could be proposed with overall exponent € = —0.835 across 11 orders
of magnitude. Exponents as shown in Table 3 also depicted in the legend within. Referential seismogenic thickness H = 1.00-10° m,

observation period T = 9.46 - 10" s (3 years) stress-drop Ag = 4.00 - 10° Pa, and seismic-moment release-rate @ = 1.50 - 10'> W.

outside cell boundaries, therefore the cell seismic moment histograms do not consider events excessively large with respect to
the cell proper-length and also cell interevent distance histograms do not take into account dissimilar pairs. Further analysis will
require a catalog with variables regarding processes with smaller scales, that is, the information from the physics at the seismic
source. Considering the second similarity hypothesis, the large dynamical range achieved by the renormalized parameters with
a single set of exponents fitting a reasonably well behaved function ®* suggest that it is physically sound. Other earthquake
point-catalogs, with wider observational data range should be studied to further confirm this hypothesis. Regarding the third
hypothesis, as suggested by Benzi et al. (2022), a steady seismic-moment release-rate is a variable affecting interevent time
distributions, to further explore it a catalog describing a wider spectrum of phenomena is needed (Beroza and Ide, 2011; Ide
et al., 2007; Ito et al., 2007). We must remark that a constant Q value means that a constant injected energy fraction is used

in seismicity generation, in this regard the seismic-moment released by slow mechanisms —Kato et al. (2012); Uchida and
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Matsuzawa (2013) in Japan and Ruiz et al. (2014); Holtkamp et al. (2011); Klein et al. (2018); Socquet et al. (2017) in Southern

Andes— should be explored in the future.
6.2 Magnitude cutoff

The completeness of an earthquake point-catalog, that is the lower magnitude cutoff assuring a Gutenberg-Richter law, is
related to the dimensionless moment I, . It is an additional parameter not considered in the original frequency-magnitude
formulation, much like the upper magnitude cutoff used in maximum-likelihood statistical estimator of bgr. To estimate the
lower cutoff magnitude, various criteria have been proposed (Mignan and Woessner, 2012) and our collapse procedure can be

used as an aditional criteria and its statistical properties should be studied in future works.
6.3 Homogeneity and isotropy

Other earthquake point-catalog characteristics that should be explored, in the proposed context, are grid translation and rota-
tion. As our notion of statistical homogeneity operates within grid cells, global statistical homogeneity is not explored. Time
features like intermittency and quiescence, spatial characteristics like clustering and geological properties such as fault strike
populations should provide new constrains on the random field processes analyzed. As our grid analysis is bidimensional, depth

variations are currently lost. Future analysis should deal with these shortcomings.
6.4 Seismic cycle and hazard

The scaling found, fitting data across the southern Andes, suggest that tectonic segments with large quiescent gaps follow the
same scaling shown in Figure 9, therefore near and distant segments are correlated, thus inferences using isolated data within
gaps are inherently biased. As the gridding technique comprehensively covers the observable interevent distances, times and
seismic moment distributions from all scales, our results are stable catalog properties, thus hazard estimators might profit from

the correlations just showed.
6.5 Cascade of energy

Kagan (1992) suggested turbulence as a model for seismicity given that various phenomena like stochasticity, power-law
behaviour, and large number of degrees-of-freedom are common to both phenomena. For a given grid G”, as the first similarity
hypothesis states, there is no fault growth across cells, which raises a seismic-moment transfer question. A simple candidate
is a mechanism involving passage along grids, that is from one proper-length to another. As our theoretical analysis does
not include an explicit dissipation mechanism, a lossless seismic-moment transfer process appears naturally. This scenario is
analog to the cascade mechanism in turbulence (Batchelor, 1947) where vortices are created (or destroyed) without energy loss
as long as the fluid is confined in an inertial range where vortices are small compared to the fluid proper-length scale. This
range is a region delimited by two length boundaries. A lower length acting as an upper limit for viscous dissipation processes

and an upper length acting as a lower limit for forcing processes. In between, the energy transfer is characterized by a viscous-
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free energy rate dissipation spectra decaying as £~°/3 (Kolmogérov, 1941a; Frisch, 1995). If the analogy stands, there must
be a physical proper-length A where earthquake source micro-processes taking place at shorter lengths might be considered
stationary, so that lossless seismic-moment transfer take place when going up to lengths longer than A. In other words, as
long as the first similarity hypothesis over II,, is fulfilled, no seismic-moment is lost when passing from one proper-length
to another, i.e. along grids. Likewise, there must be a proper-length where seismic-moment transfer processes between grids
ceases to be dissipation free. A larger length A = W ~ 30 km is a candidate, but further studies are needed.

6.6 Tectonics

The renormalized event number distribution scales with p = 0.4, bgr = 1.035, and dgc = —1.465, that is a maximum seismic
moment release distribution with decaying power law, non-exponential maximum interevent times and lacunar-set support. By
the time of the 1995 Mw 8.5 Antofagasta earthquake, Sobiesiak (2000) reported bgg = 0.73 over the fault plane with peaks
at 0.54 and 1.08. On a similar region Pastén and Comte (2014) gave a multifractal series converging to d., = 1.45, so our
estimates are higher on average. A global survey by Nishikawa and Ide (2014) reports bgr values at six sections located
between 19.8°S and 34.2°S latitude. Peaks range from bggr = 0.79 to 0.94 with a decreasing north-south trend. These values
are in good accord with our findings. Finally Poulos et al. (2019) gives values between bgg = 0.87 and bgr = 1.04 for their
zones 1 and 5, which are also consistent with our findings. Therefore, as indicated by Carpinteri and Chiaia (1997), the 2015-

2017 Southern Andes were in a loading situation.

7 Conclusions

Several conclusions can be drawn from the study. First, the renormalized parameters are completely determined by a set of
scaling equations (12) involving exponents only. These equations represent scaling laws for interevent times, interevent dis-
tances and seismic-moment. These findings come from two fundamental symmetries, which generate invariants, one of them
of a general nature and the other particular to the problem. One invariant emerges after the application of the group of trans-
formations defining change from one system of units to another and the other emerges after the action of the renormalization
group of transformations, thus exponents and scaling functions characterize regions with its particular settings, they are not
universal.

Second, the particular conditions of each problem are established by the asymptotic behavior of the physical laws when
varying the governing parameters of the system. If the system ceases to depend on a governing parameter when very large or
very small values are considered, we speak of complete similarity and if the behavior continues to depend on the governing
parameter, as it goes to very small or very large values, we speak of incomplete similarity. In the southern Andes, we have shown
evidence that both behaviors are present in the seismic catalog between 2015 and 2017. The complete similarity conditions take
us to a gridding methodology that we interpret in terms of sample paths. Passing from one grid to another is accomplished by

a coarse graining maximum operator. Incomplete similarity conditions are interpreted as well known long-range correlations.
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Those conditions define an intermediate asymptotics, which we associate with a bounded seismic-moment transfer mechanism
along scales.

Third, the role of the observation period 7" and its influence on the inferences might be assessed in terms of the larger scale
linked with the seismic-moment transfer mechanism. The upper boundary length growths with the cubic root of the observation

period, therefore various decades are needed to obtain an idea of the seismic generation process at the tectonic scale.
Code availability.

Data availability. Processed catalog data in spreadsheet format as well as shapefile vector files available at zenode repository 10.5281/
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