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Analysis of Time Dynamical Features in Intraplate Versus Interplate Seismicity: The Case
Study of Iquique Area (Chile)

Luciano TELESCA,I DENISSE PASTEN,2

Abstract—The intraplate and interplate seismic catalogues of
Iquique (Chile) area were investigated by using seismological
(b value of the Gutenberg—Richter law), fractal (Allan Factor and
detrended fluctuation analysis) and topological (Horizontal Visi-
bility Graph) methods. The two catalogues show different stress
state indicated by the different b value, larger for the intraplate
seismicity. The interplate seismicity shows significant time-clus-
tering behavior of the earthquake occurrence times at large time
scales, while the time distribution of the intraplate earthquakes
seems to be featured by random fluctuations without any significant
sign of time-clustering. Different role seems to be played by
aftershocks in the two investigated seismic zones, revealed by the
different time distribution of the aftershock-depleted catalogue of
the intraplate zone, which remains Poissonian for most of the time
scales, and the interplate zone that still keeps its clustering phe-
nomenon but at higher timescales, thus shortening its clustering
time scale range. Furthermore, the interevent times of the interplate
catalogue are characterized by persistent dynamics even after
removing the aftershocks, while uncorrelated fluctuations charac-
terize the behavior of interevent intervals of the whole as well as
aftershock-depleted intraplate catalogue. Additionally, the magni-
tudes of both catalogues are characterized by time-reversibility
before and after the aftershock removal; while the interevent times
of intraplate catalogue change their status from time-irreversibility
to time-reversibility after removing the aftershocks. The obtained
results seem to evidence a different role played by the aftershocks
in the intraplate and interplate zones, that needs to be further
explored.

Keywords: Interplate seismicity, intraplate seismicity, earth-
quake, time series analysis.

1. Introduction

The northern zone of Chile was struck by four
major seismic events in the past centuries: in 1543,
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1615, 1768 and 1877 (Ruiz and Madariaga 2018).
The magnitude proposed for the last megathrust
occurred in 1877 in the central Andes subduction
zone is M,= 8.7 (Comte and Pardo 1991) and
affected Pisagua and Iquique (Vidal Gormaz 1877;
Montessus de Ballore 1911-1916). It has still been
debating if all these major events were interplate or
intraplate intermediate depth (Ruiz and Madariaga
2018). On the other hand, after the 1877 megathrust
(that also triggered a large tsunami), earthquakes with
magnitudes greater than M,, 7.0 occurred in the
northern zone of Chile, such as Tocopilla earthquake
in 1967 (M,, 7.4) and 2007 (M, 7.8), Tarapaca
earthquake in 2005 (M,, 7.8) and Antofagasta earth-
quake in 1995 (M,, 8.0) (Malgrange and Madariaga
1983; Ruegg et al. 1996; Peyrat et al. 2010); among
these only the Tarapaca earthquake is intraplate
intermediate depth, while the others are deep plate
interface (Ruiz and Madariaga 2018). The seismic
activity in this region has been studied during years
(Kausel 1986; Comte and Pardo 1991; Lomnitz 2004;
Métois et al. 2012 ). This region is not homogeneous
and shows a distribution of the average seismic
coupling, separated in segments and intersegments,
which could produce a megathrust with magnitude
greater than M,,= 8.0 (Métois et al. 2012). In partic-
ular, the region between Arica and Iquique is
characterized by a low value of the coupling between
the Nazca and South American plates, but is able to
generate subduction earthquakes with magnitudes
between M,,= 6.0 and M,,= 7.0, possibly produced by
the bathymetry of the inferior slab. On the other hand,
this region has had an unusual intraplate activity, with
earthquakes that could reach the magnitude of
M,=17.7
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Deformation has accumulated in this zone for
more than 140 years, and the Iquique 2014 M, = 8.2
earthquake was identified, in principle, as the
megathrust expected for the North of Chile. However,
this large earthquake generated a rupture of 250 km,
less than expected in this region. However, a larger
earthquake is still expected in the north as well as in
the south of the rupture zone of the Iquique 2014
earthquake.

In a recent study a marked difference was found
in the seismic moment (M), the corner frequency (f;)
and the energy radiated (ER), between shallow depth
and intermediate-depth earthquakes in the northern
zone of Chile (Derode and Campos 2019 ), showing
the relevance to analyze the seismicity of this region
considering the intraplate and interplate seismic
events.

In this study, we aim at characterizing the inter-
plate and intraplate seismicity of the seismic area
where the M,,= 8.2 Iquique earthquake 2014 occurred
by using complexity approaches that could be helpful
to better understand the seismic process occurring in
the far north of Chile.

We jointly employed several measures (seismo-
logical, fractal and topological) to deeply
characterize the time dynamics of the seismicity of
this particular area of Chile: the b value of the
Gutenberg-Richter law, the Allan factor, the Detren-
ded Fluctuation Analysis (DFA) and the Horizontal
Visibility Graph (HVG). The different statistical
techniques used to investigate this area are able to
highlight different dynamical features of the inter-
plate and intraplate seismicity and to furnish a more
exhaustive picture of the seismic process.

2. Tectonic and Seismic Setting

The Chilean coast has a long subduction zone
between the Nazca Plate and the South American
plate. This boundary has a high velocity of conver-
gence which is about 6-7 cm year™'. Particularly, the
North of Chile has shown an important seismic gap
from the last large earthquake in 1877 (M,, = 8.8),
which means that this region presents a high seismic
hazard, including a high tsunami hazard. Since this
last large earthquake, some significant seismic events
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have occurred in this zone, the 1967 M,, = 7.4, on the
north Mejillones Peninsula; the 1995 M,, = 8.1
Antofagasta earthquake in the south of the Mejillones
Peninsula; the 2007 M,, = 7.7 Tocopilla earthquake
and the 2005 M,, = 7.7 Tarapaca deep intraslab event,
in the inner zone of this region. These events have
shown that this is an active seismic area with enough
strain accumulated to host an earthquake greater than
M,, = 8.8. In the latest 20 years two seismic events
have ruptured within this long seismic gap that is
located from the southern coast of Peru until the
northern coast of Chile: the 2001 M,, = 8.4 Arequipa
earthquake and the 2014 M,, = 8.2 Iquique earth-
quake have filled this long gap partially. We have
concentrated in the study of the M,, = 8.2 Iquique
earthquake. This zone was studied previously by
Métois et al. (2016) and they concluded that this
region is an intersegment zone, in the long seismic
gap, with an average coupling lower than the mean
value of coupling for the gap. This megathrust had a
particular behavior because the seismic activity
increased significantly 3 weeks before the M,, = 8.2
large earthquake with more than 80 seismic events
greater than M,, = 4.0, and had a great activity after
the main event, activity which included an aftershock
of M,, =7.7, occurred in the south of the rupture
zone, with more than 140 aftershocks greater than
M,= 4.0 (Hayes et al. 2014).

In this study, we used the earthquake catalogue
compiled by the Integrated Plate boundary Observa-
tory Chile (IPOC) (Sippl et al. 2018a, b), comprising
the area between 19.0° S and 23.5° S Latitude and
between 69.0° W and 71.5° W Longitude, with depth
less than 250 km, and from January 01, 2007 until
December 31, 2014. In particular we analysed the
interplate and intraplate earthquakes, indicated as P1
and P3 data in Sippl et al. (2018a).

3. Methods and Data Analysis

3.1. The b Value of the Gutenberg—Richter Law

The Gutenberg—Richter (GR) law states that the
cumulative number N of earthquakes with magnitude
larger than a threshold M,,, behaves as a power-law
expressed by N = 10°7"™" \where a represents the



Analysis of Time Dynamical Features in Intraplate Versus Interplate Seismicity

earthquake productivity, and b is a critical parameter
indicating the proportion of small events respect to
the large ones (Gutenberg and Richter 1944; Ishimoto
and lida 1939). The larger the b value, the larger the
proportion of small events respect to the large
earthquakes. The b value can be considered as an
indirect measure of the stress crustal conditions
(Scholz 1968; Wyss 1973). Its numerical value can
also indicate if purely earthquakes
(b <15-1) or volcano-tectonic  earthquakes
(b > 1.5), which is mainly due to hydraulic fracturing
of the host rock induced by over pressurized magma
and/or associated fluids, are taking place. The b value
was also found in the distribution of acoustic
emissions events, generated in laboratory-created
fault zones (Goebel et al. 2013). Temporal and
spatial variations of the b-value were analysed to get
information about the tectonic regime (Tormann et al.
2015). The negative correlation between b value and
differential stress (Spada et al. 2013), confirmed that
the b could be considered as an indirect stress meter
in the Earth’s crust (Schorlemmer et al. 2005). The
reliable estimation of the b value, then, is important
to discriminate different evolution stages of seismic-
ity with clear implications in the seismic hazard
assessment (Naylor et al. 2009).

The b value can be calculated by the least square
linear regression method on the logarithm of the
cumulative number of earthquakes (Karnik and
Klima 1993). The least square linear regression
method is a curve fitting technique that minimizes
the summed squares of the residuals. Applying this
procedure the estimation of the b value is the
following:

tectonic

N N N
_ N2l M 1019 Ny>wyy — Diny Mini D221 10810 Ny > my,g

b N 2 N 2
NZ,‘:] (Mth,i) - (Z,‘:[ Mth.i)
(1)
Its error is given by the following formula
N ~ 2
or — 1 Dict (lOgloNMsz., - 10g10NM2M/h.,)
b
N-2 Y (M,h,,~—<M>)2

(2)
where log,o Ny >, tepresents the linear regression
estimate of log,q Ny > um,,;-

As alternative to the estimation of b value by the
least square linear regression method, there is the
estimation by the maximum likelihood:

logo(e)
b - ’ (3)
<M> — (MC — AMbin/z)

where (M) is the mean magnitude of the sub-set of
seismic events with magnitude larger or equal to the
completeness magnitude M, and AM,,, represents the
binning width of the catalogue (Aki 1965; Utsu
1999). Its error is calculated by using the Shi and
Bolt’s formula (1982):

o2 \/zf_}v<(%i_—l<)zw>> W

3.2. Magnitude of Completeness

Several methods have been proposed to perform
the estimation of the completeness magnitude.
Wiemer and Wyss (2000) proposed the method of
the maximum curvature (MAXC): M. is the magni-
tude that corresponds to the highest frequency of
earthquakes in the binned frequency-magnitude dis-
tribution. The entire-magnitude-range (EMR)
(Woessner and Wiemer 2005) is another method that
considers the whole magnitude set, subdivided in a
complete and incomplete part. The complete part is
modeled by a power-law with a- and b-value
estimated by the Aki—Utsu’s formula; the incomplete
part is modeled by a normal cumulative distribution
function that describes the detection capability. The
incomplete part is, thus, a function of magnitude that
is fitted to the data, and depends on p (magnitude at
which 50% of the seismic events are detected), o (the
standard deviation describing the width of the range
where earthquakes are partially detected) and M.,
which represents the lower limit of magnitudes that
are detected with probability 1; the completeness
magnitude M, is that value maximizing the log-
likelihood function of a, b, i and ¢. A third method
was proposed by Wiemer and Wyss (2000) and was
based on the goodness-of-fit (GFT) given by the
absolute difference of the number of earthquakes in
the magnitude bins between the observed cumulative
frequency-magnitude distribution and the synthetic
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ones calculated with the a- and b-values of the
observed dataset for M > M,,; the GFT is, thus, a
function of M, that is the M. when the 90% of the
observed data are well modeled by a straight line. All
these methods are implemented in the freely available
software package ZMAP (Wiemer 2001). Generally,
all these methods could give different values of the
completeness magnitude, this making more reason-
able to estimate the b value by the Kijko and Smit’s
approach rather than by applying the Aki-Utsu’s
formula.

3.3. Aftershock Depletion by Using the Nearest-
Neighbour Algorithm

Among the several techniques that exist to
remove aftershocks from a seismic sequence, we
used the declustering technique based on nearest-
neighbour (NN) distance of events in space—time-
energy domain (Zaliapin et al. 2008).

If the earthquake i is characterized by occurrence
time t;, epicenter (lat;, lon;) and magnitude m;, we aim
to identify for each earthquake j its possible parent,
which is an earlier earthquake i that is the closest, in
some sense, to j among all earlier earthquakes.
Following Baiesi and Paczuski (2004), the distance
between earthquakes i and j is defined as:

dr 1 -
ny = {Cr’f"rf/lo ™ w>0 (5)
00 7; <0

where 7; is the time interval (in years) between
events i and j (positive if earthquake i occurred before
earthquake j, negative if viceversa) r;; their spatial
distance (in km), dy is the fractal dimension of the
spatial distribution of the epicenters, and b the
parameter of the Gutenberg—Richter law (Zaliapin
and Ben-Zion 2016).

The distance n; can be conveniently factorized as

n;= T;R;;, where

T[j = ‘E[jloiqu'
sz = rgf 107<17q>bm’

(6)

The choice of g = 0.5 assigns equal weight to
space and time components (Peresan and Gentili,
2020). Zaliapin et al. (2008) demonstrated that the 1D
empirical distribution of the NN distances and the 2D
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density map of its components (R, T), obtained from
models of Poissonian seismicity and individual
clusters, are both unimodal; while the distributions
that are obtained from real seismicity and from
models of clustered seismicity are rather bimodal.
Such bimodality is used to discriminate the back-
ground seismicity from clusters (Zaliapin and Ben-
Zion 2013) that are those earthquakes whose NN
distance is less than a specified threshold ny. The
threshold n, can be selected as the maximum
likelihood boundary between the two modes of a
2-component 1-D Gaussian mixture model. The NN
algorithm 1is, then, a robust, data-driven tool to
uniformly identify clusters associated with main
shocks from a wide magnitude range, and just
requires three parameters as input, the Gutenberg—
Richter b-value, the fractal dimension of epicentres
dy, and the threshold distance ny.

3.4. The Allan Factor

The Allan Factor (AF) is a measure for discrim-
inating  between  time-clusterized earthquake
sequences or not. Differently from the coefficient of
variation, the AF gives also information on which
timescales are involved in the time-clustering behav-
ior of the sequence. Dividing the time axis into
contiguous counting windows of same duration T
(which is the timescale), we can construct a series of
counts {Ny(t)}, counting how many earthquakes fall
in the k-th window (Thurner et al. 1997). The AF,
then, is defined as

(N (2) = M)
2(Ni(1)) ’

and it is related to the variability of successive counts
(Thurner et al. 1997); the symbol (...) indicates the
average value. The AF has been largely used to
investigate the time dynamics of point processes of
different types (Telesca et al. 2000, 2001; Telesca
and Lovallo 2008).

If the earthquake process is Poissonian, the AF
slightly fluctuates around 1 at all timescales [except
for very large timescales, due to finite-size effects
(Telesca et al. 2012)]; but if the earthquake process is
clusterized the AF changes with the timescale 7. In

AF(t) = (7)
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particular, if the earthquake process is fractal (self-
similar) in time, the AF behaves as a power-law
(scaling behavior):

o

AF(1) =1+ (é) : (8)
where the exponent o quantifies the strength of
clusterization; 7; is the so-called fractal onset time
and marks the lower limit for significant scaling
behavior in the AF (Thurner et al. 1997). Therefore, if
o ~ 0 the earthquake process is Poissonian, while if
o> 0 it is clusterized.

3.5. The Detrended Fluctuation Analysis
of Interevent and Magnitude Time Series

Since the Detrended Fluctuation Analysis (DFA)
has been proposed to identify long-range correlations
in non-stationary series (Peng et al. 1995 ), several
natural processes have been investigated by means of
this technique (Telesca and Lovallo
2009, 2010, 2011; Telesca et al. 2012).

In particular, the application of the DFA to
earthquake magnitudes was performed by Telesca
et al. (2016), who found that the DFA scaling
exponent increased during the reactivation periods
of the volcanic activity at El Hierro, Canary Islands
(Spain) in the 2011-2014. Varotsos et al. (2014)
interpreted the results of DFA of earthquake magni-
tudes in terms of earthquake prediction. Lennartz
et al. (2008) analyzed the long-range correlations of
the magnitude series of earthquakes occurred in
Northern and Southern California by the DFA.
Varotsos et al. (2012) found that in California
seismicity, the DFA scaling exponent of magnitudes
is able to reveal breaks of the long-range correlations
before the occurrence of large shocks.

The scaling properties of the seismic interevent
time series were investigated by using the DFA in
several cases (Telesca and Chen 2019; Telesca et al.
2012).

Analyzing the long-range correlations in earth-
quake magnitude series and interevent times, thus, is
an important step to gain insight into the dynamics of
a seismic process.

The DFA method is described below:

(i) the seismic series x;, where i = 1,...,N, and N is
the total number of events is integrated and the
integrated series y; is divided into windows of
same length n;

(i1) for each n-size window, the least square line y, ;
fits y; and is subtracted from y;;

(>iii) the fluctuation, F,, is calculated

1 N

F, = NZ [yk 7yn.,k]2; (9)

k=1

(iv) the steps (i)—(iii) are repeated for all the
available window sizes n; if the relationship
between F,, ~ n is a power-law, the series is
long-range correlated:

Fy ~on%; (10)

(v) the numerical value of the scaling exponent o
informs about which type of temporal correla-
tions the seismic series is characterized of: the
series is uncorrelated, if « = 0.5; they are persis-
tently correlated (meaning that if the series
increases (or decreases) in a period, it tends to
increase (or decrease) in the next period), if
o> 0.5; it is antipersistently correlated (meaning
that if the series increases (or decreases) in a
period, it tends to decrease (or increase) in the
next period), if o< 0.5.

3.6. The Horizontal Visibility Graph (HVG)

The visibility graph (VG) method was firstly
introduced by Lacasa et al. (2008) as a way to convert
time series into graphs, according to some specific
geometric rules (Luque et al. 2009; Lacasa et al.
2008); therefore, properties of time series can be put
in relationship with the properties of such graphs
(Lacasa et al. 2009).

The horizontal visibility graph (HVG) (Luque
et al. 2009), is a particular type of visibility graph
defined as follows. If {x,} fort = 1,...,N a real-valued
time series of N data that act as nodes of the graph.
Two nodes i and j in the graph are connected if a
horizontal line can join x; and x; without interruption
by any other intermediate value. The geometric rule
of the HVG is:
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Xiy Xj > X, Vnli<n<j. (11)

The number of the links of a node with any other
node of the graph represents its connectivity degree.
The connectivity degree distribution can be analysed
to derive several properties of the time series, among
which, the property of reversibility/irreversibility of a
time series. A statistically time reversible stationary
process X(t) is defined by the following property: for
any N the series {X(t;),..., X(ty)} and {X(tn),...,
X(t;)} have the same joint probability distribution
(Weiss 1975). Gaussian linear processes are time-
reversible; while time series irreversibility is a
fingerprint of nonlinear dynamics (Kawai et al.
2007; Parrondo et al. 2009). Recently, the idea of
irreversibility in time series was linked to that of
entropy produced by the physical mechanism gener-
ating the series (Roldan and Parrondo 2010). Since
from the formal definition of reversibility/irreversibil-
ity in time series does not permit the implementation
of an optimal algorithm for its quantification (Lacasa
et al. 2012), several different techniques have been
developed to measure the degree of irreversibility in
time series (Yang et al. 2003; Costa et al. 2008 ; Daw
et al. 2000; Diks et al. 1995; Gaspard 2004;
Cammarota and Rogora 2007; Andrieux et al. 2007;
Wang et al. 2005). The majority of these techniques
are based on series symbolization: the data range is
empirically partitioned (Daw et al. 2000), operation
that does not change the reversibility of the trans-
formed series, and the symbol strings occurrences are
statistically compared in the forward and backwards
series or using compression algorithms (Cover and
Thomas 2006). However, the transformed series
depend on the range partitioning or the size of the
symbol alphabet; and, moreover, possible multiple
scales present in the series could be concealed by
such a local coarse-graining transformation (Costa
et al. 2008). In a recent paper, Lacasa et al. (2012)
assessed the irreversibility of a time series on the base
of HVG method (Luque et al. 2009; Lacasa et al.
2008, 2009). Using the Kullback—Leibler divergence
(Cover and Thomas 2006) between the forward and
backward connectivity degree distributions, they
proposed a measure of quantification of irreversibility
in stationary stochastic time series. Schleussner et al.
(2015) used the visibility graph approach to identify
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signatures of irreversibility in two ocean sediment
August sea-surface temperature records from the
Norwegian Sea and the central subpolar.

More in detail, splitting the connectivity degree
k(t) of the node ¢ in in-going degree k;,(f) (the number
of links of node ¢ with other past nodes) and out-
going degree k,,(f) (the number of links with future
nodes), such that k(t)= k;,(t)+ k,,(t), we can define
the P;,(k)= P(k;,= k) and the P, (k)= P(k,.,= k) as
the in-going and out-going degree distributions.

The Kullback-Leibler divergence (KLD) (Cover
and Thomas 2006) can be used to measure the
distributional distance between P, (k) and P;,(k):

S Pu(log 22 (1)

ex Py (X)

m//Pout

This measure is always positive except when both
probability distributions are equal P,,= P;,. The
KLD is statistically significant, as it is proved by the
Chernoff-Stein lemma. The KLD is a measure of
“distinguishability”, therefore the higher the distin-
guishability between P, and P;, the larger the
D(Pinl1Pour).-

4. Results

We analysed the seismicity of intraplate and
interplate seismicity with local magnitude larger or
equal to 1.4 of Iquique area (Chile) from January
2007 to December 2014. Figure 1 shows the spatial
distribution of the seismicity studied, and Fig. 2
shows a cross section where the profile of the sub-
duction zone is clear. Figure 3 shows the non-
cumulative (NCFMD) and cumulative (CFMD) fre-
quency-magnitude distribution of the intraplate and
interplate seismicity of Iquique area.

The completeness magnitude M, was calculated
by using the methods described in Sect. 3.2. The
completeness magnitude for the interplate seismic
catalogue is 2.2 (MAXC), 2.1 (GFT at 90%) and 2.5
(EMR), while for the intraplate seismic catalogue is
2.1 (MAXC), 2.0 (GFT at 90%) and 2.2 (EMR).To be
conservative, we chose the completeness magnitude
as the largest among the three ones, namely that one
calculated by EMR method, thus 2.5 for the interplate
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and 2.2 for the intraplate seismicity. Thus, all the
following analyses were performed on the earth-
quakes with magnitude larger or equal to 2.2 for the
intraplate catalogue (N =2015) and 2.5 for the
interplate catalogue (N =5780). The Gutenberg—
Richter b value was calculated by the least square
linear regression method (LSR) and the Aki-Utsu’s
formula (A-U). Table 1 shows synoptically the
b value calculated by using the two mentioned
methods. Figure 4 shows the CFMD of each seismic
catalogue (starting from the completeness magnitude)
and the G-R law obtained for each b value.
Different values of b are obtained by using the
two methods; the b value obtained by using the A-U
method is smaller than that obtained by the LSR
method. The b value estimated by the A-U method
depends on the completeness magnitude and is more
sensitive to the amount of smaller events than larger
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Figure 1
Map of the epicenter location for the region studied in the far north
of Chile. The size of circles (blue for intraplate and orange for
interplate) is proportional to the magnitude. The seismic events
shown in this map are greater than M,,= 4.0. Red circles are seismic
events with magnitudes greater than M,= 7.0
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Figure 2
Transverse cut map of the hypocentre locations for the region
studied

(Han et al. 2015). The b value calculated by the LSR
method is very sensitive to large events (that play the
role of outliers in the seismic sequence) (Han et al.
2015). The two methods seem to give consistent
values of b for both the catalogues. However, it is
clear that the interplate seismicity is characterized by
a b-value lower than that of the intraplate seismicity.
The interplate catalogue contains the largest event
occurred at Iquique (M = 8.1). Considering that the
stress in the interplate and intraplate are expected to
be different, the difference in their respective b values
could be consistent with previous results (Scholz
2015), if the lower b values for the interplate cata-
logues can be related to larger stress in that zone.

We declustered both the catalogues by means of
the NN algorithm (Zaliapin et al. 2008). We depleted
the catalogues limited to data completeness (Peresan
and Gentili 2020), thus the minimum magnitude of
the catalogues are 2.5 for the interplate and 2.2 for the
intraplate catalogue. Since the fractal dimension of
the spatial epicentral distribution is one of the input
parameters to the NN algorithm, we firstly calculated
the fractal dimension of spatial distribution of both
seismicity, by using the Grassberg—Procaccia method
(Grassberger and Procaccia 1983), which is well
known in spatial statistics for its efficiency and low
noisiness in estimating the correlation dimension
(that is the fractal dimension) of datasets with even
small size (Doxas et al. 2010). If Ng_, is the number
of events whose interdistance R is less than r, the
correlation integral is defined as follows:
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Non-cumulative and cumulative frequency-magnitude distribution of interplate (a) and intraplate (b) earthquake magnitude

Table 1

Number of events (N), completeness magnitude (Mc), number of
events with magnitude larger or equal to the completeness magni-
tude (N) and b value calculated by the least square linear regression

(LSR) and Aki-Utsu’s formula (A-U)

Catalogue N M. N (M>M_.) b value (LSR) b value (A-U)

Intraplate 2696 2.2 2015
Interplate 9818 2.5 5780

0.788 £ 0.016 0.715 £ 0.01
0.718 £ 0.011 0.6012 + 0.007

21VR<r

“O=Na -1y

(13)

For fractal spatial point processes C(r) = r¥. The
numerical value of the correlation dimension dj is
estimated as the slope of the line fitting the correla-
tion integral versus r plotted in log—log scales in its
approximately linear range by the least square
method. Defining R, as the maximum distance
between two events of the dataset, the estimation of
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Comparison between the GR laws corresponding to the b value calculated by using the methods of A-U (red) and LSR (green) for the
interplate (a) and intraplate (b) seismicity
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the correlation dimension was performed between the
1% and the 30% (Dongsheng et al. 1994) of the R,,,;
these two limits would be sufficient to avoid finite-
size effect visible at small and large spatial scales
(Telesca et al. 2017a, b). We obtained the following
values of the fractal dimension: 1.42 (interplate) and
1.53 (intraplate). We applied, then, the aftershock-
depletion method based on NN (Zaliapin et al. 2008)
with the found values of correlation dimension d, and
minimum magnitude that is the completeness mag-
nitude. The third input parameter to the NN algorithm
is the b value; since we obtained two different values
of b for each seismic catalogue, we applied the NN
algorithm varying the b value of the whole catalogue.
Table 2 shows for each b-value of the whole cata-
logue, the number of background events and the
b value calculated on the background seismicity by
LSR and A-U methods, respectively.

After depleting the aftershocks the interplate
seismicity contains from 2121 to 2168 events and the
intraplate one contains from 1711 to 1716 events,
depending on the input b value to the NN algorithm.
Whatever is the value of input b, the obtained after-
shock-depleted catalogues have almost the same size,
confirming the robustness of the NN algorithm. For
each aftershock-depleted catalogue we calculated the
b value by using the two methods of LSR and A-U;
both the aftershock-depleted catalogues have consis-
tent b values whatever is the method used to calculate
it. The b value of the background seismicity for the
interplate seismicity remains still lower than that for
the intraplate one, indicating that the interplate area is
subjected to a larger stress than the intraplate zone.

Table 2

Number of background events after depleting the whole catalogue
by NN algorithm with input b value calculated by using A~U and
LSR methods

Input b value Interplate seismicity Intraplate seimicity

LSR 2121 (0.62;sr; 0.74A0)
A-U 2168 (0.621sx; 0.730)

1716 (0.781sx; 0.7150)
1711 (0.78:sx; 0.70A0)

In brackets, the first value is the b calculated on the aftershock-
depleted catalogue by using LSR method, while the second one is
the b calculated on the aftershock-depleted catalogue by using the
A-U method

Figure 5 shows the AF for both whole intraplate
and interplate seismicity and the 95% confidence
band in relationship with two types of surrogate
sequences: 1000 Poissonian surrogates with the same
rate as the original sequence (blue), and 1000 random
surrogates obtained randomly shuffling the interevent
times of the original sequence (red), conserving, thus,
the interevent probability density function. For the
interplate seismic sequence, we observe a crossover
timescale at about 10** s separating the Poissonian
regime from the time-clusterized one, and a scaling
region for timescales larger than the crossover with
scaling exponent ~ 0.94, indicating a rather high
time-clusterization of the events. The crossover
roughly corresponds to the mean interevent time that
for the interplate seismicity is about 6 h. Further-
more, the AF of the original sequence is well beyond
the Poissonian 95% confidence band and the 95%
confidence band based on 1000 random shuffles of
the interevent times, indicating that it is significantly
non Poissonian at intermediate and large timescales,
and that its scaling behavior does not depend on the
probability density function of the interevent times.
The AF for the intraplate sequence is different from
that of the interplate, since it is mostly embedded in
both the 95% Poissonian and random shuffle confi-
dence bands, indicating the absence of significant
time-clusterization of the events.

The scaling behavior found for the interplate
seismic sequence for timescales larger than the
crossover is very likely due to the aftershock acti-
vation following the largest shock of magnitude 8.1.

Figure 6 shows the AF for the two catalogues
depleted by using the NN algorithm with the two
different b values as input.

The AF of the aftershock-depleted interplate
sequences indicates clearly that the scaling behavior
observed in the whole sequence is mostly affected by
the aftershock activation. However, the clustering
effect is still visible in the aftershock-depleted
sequences at large timescales; this indicates that the
background seismicity is characterized by some time-
clusterization at large timescales, while the clustering
phenomenon due to the aftershocks characterizes the
time dynamics of the seismicity just at intermediate
timescales. In fact, if the whole interplate sequence
shows a crossover between Poissonian and time-
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Figure 5
Allan Factor of the whole interplate (a) and intraplate (b) seismicity (black), and the 95% confidence band based on 1000 Poissonian
surrogates (blue), and 1000 random surrogates obtained randomly shuffling the interevent times of the original sequence (red)

clusterization at about 7 h, the crossover in the AF of
the aftershock-depleted ones shifts upward, indicating
that the aftershocks characterize the time-clustering
of the sequence at intermediate time scales. The AF
of aftershock-depleted intraplate sequences (whatever
is the input b-value to the NN algorithm) does not
differ from the AF of the surrogates, and, similarly to
the whole sequence, are not characterized by signif-
icant time-clusterization.

Figure 7 shows the fluctuation function F,, of the
interevent times and magnitude series of both
sequences plotted in log—log scales. The fluctuation
function of the interplate interevent times (Fig. 7a)
displays a two-fold scaling behavior with the scaling
exponent at larger scales higher than that at lower
scales; this two-fold behavior is very likely an effect
of the mixture of background events and aftershocks
that would be evidenced in the different ranges of
their scaling. The 95% random shuffle confidence
interval based on 1000 random shuffles of the original
interevent series is [0.466, 0.541] that indicates that
the obtained scaling exponents are significantly dif-
ferent from random surrogates. The scaling exponent
of the magnitudes of interplate sequence is ~ 0.755
[0.470, 0.543], which indicates that this series is
significantly persistent. For the intraplate seismicity
we obtained ~ 0.582 [0.456, 0.555] and ~ 0.524
[0.453, 0.558] for the interevent times and

magnitudes respectively. Considering the confidence
intervals, the scaling is significantly different from
the random for the interevent times and magnitudes
of the interplate sequence indicating a persistent
dynamics, while for the intraplate both the interevent
times and magnitudes are not significantly distin-
guishable from random. We applied the DFA also to
the interevent times and magnitudes of the after-
shock-depleted sequences and the scaling exponents
are shown in Tables 3 and 4. The DFA curve of
interplate interevent times of the aftershock-depleted
seismicity is similar to that of the whole seismicity
(Fig. 8); in fact, two scaling regions are clearly
identified with the scaling exponent at larger scales
higher than that at smaller scales. However the
scaling exponent at smaller scales is about 0.5, indi-
cating the absence of correlation structures at these
scales; this is consistent with the results obtained by
applying the AF analysis and indicates that the
aftershock-depletion has removed the correlations at
small scales, while keeping those at large scales. The
fluctuation functions of all the other series (interplate
magnitudes and intraplate interevent times and mag-
nitudes) of the aftershock-depleted seismicity (not
shown) are characterized by purely random behavior
without any significant evidence of persistence.

We applied the HVG to the interevent and mag-

nitude series of the two seismic sequences,
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Allan Factor of the catalogues depleted by the NN algorithm using the input b-value calculated by means of the A-U (a, ¢) and LSR (b,
d) methods for the interplate (a, b) and intraplate (c, d) seismicity along with the 95% confidence band based on 1000 Poissonian surrogates
(blue), and 1000 random surrogates obtained randomly shuffling the interevent times of the original sequence (red)

investigating the time-reversibility/irreversibility by
using the Kullback-Leibler divergence (KLD) to
quantify the separation between the in-going and out-
going degree distributions. Figure 9 shows, as an
example the time series of in-going connectivity
degree k;, and the that of the out-going connectivity
degree k,,, for the magnitude series of the intraplate
sequence.

We also calculated the KLD for 1000 shuffles and
compared the mean value and standard deviation of
the shuffles with the KLD of the original series
(Telesca et al. 2018). Considering practically time-
reversible those series whose KLD is within the 1
standard deviation range of the KLD calculated for

the shuffles, the magnitude series and the interevent
times of the interplate seismicity appear time-irre-
versible, along with the interevent times of the
intraplate catalogue (Fig. 10a). The magnitudes of the
intraplate catalogue (Fig. 10a) and both magnitudes
and interevent times of all the aftershock-depleted
catalogues are characterized by time-reversibility
(Fig. 10b, c); this seems to be consistent with the
recent concept of “topological isotropy” introduced
by Telesca et al. (2020), who analysed the topological
properties of the Italian and Taiwanese seismicity by
the VG method, and found that the aftershocks would
induce a sort of anisotropy in the topological repre-
sentation of the time distribution of the earthquakes.
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Fluctuation function F,, of the interevent times (a, ¢) and magnitude (b, d) series of interplate and intraplate seismicity plotted in log—log

Table 3

DFA exponent for interevent times of background seismicity after
depleting the whole catalogue by NN algorithm with input b value
calculated by using A—U and LSR methods

Table 4

DFA exponent for magnitude series of background seismciity after
depleting the whole catalogue by NN algorithm with input b value
calculated by using A—U and LSR methods

Input b value Interplate seimicity Intraplate seimicity

Input b value Interplate seimicity Intraplate seimicity

A-U [0.455, 0.554]
LSR [0.463, 0.555]

0.554 [0.454, 0.559]
0.554 [0.456, 0.558]

A-U 0.503 [0.458, 0.558]
LSR 0.525 [0.454, 0.558]

0.505[0.455, 0.560]
0.505 [0.457, 0.562]

In brackets, the 95% shuffle confidence band. For the interplate
aftershock depleted sequences only the 95% shuffle confidence
band is reported

In brackets, the 95% shuffle confidence band
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5. Discussion

We investigated the time dynamics of the
2007-2014 intraplate and interplate seismicity in the
area where the large Iquique earthquake occurred in
2014 in the far north of Chile.

The the different b values (b = 0.72-0.79 for the
intraplate catalogue and b = 0.60-0.72 for the inter-
plate catalogue) agree with previous studies
performed on subduction zones and continental crust
(Scholz 2015). Métois et al. (2016) shows a lower
coupling of the Iquique zone, which confirms the low

(a) intrap!ate
; magnitudes

T T T T T T T T
0 500 1000 1500 2000
n

b-value that we obtained for the interplate zone,
indicating a stress state different from that of the
intraplate zone.

The role of aftershocks, especially for the inter-
plate seismicity, has been evidenced by using two
different statistical tools, namely the AF and the
DFA, both aiming at identifying scaling structures in
time series. The AF not only has discriminated
between Poissonian (or uncorrelated) behavior and
time-clusterized (or correlated) behavior, but it has
also furnished information on the time scales that are
involved in the clustering phenomenon shown by the
seismic sequence and on the intensity of such clus-
tering quantified by the scaling exponent o. At a
certain time scale the AF provides a quantitative
measure of the variability exhibited by the earthquake
rate (Lowen et al. 1997). In case of interplate seis-
micity, the event rate variability is power-law-shaped
as indicated by the power-law behavior of the AF for
time scales larger than the crossover, which is about
7 h; this crossover represents the minimum time scale
that makes possible to discern clustering behavior;
thus for time scales lower than the crossover the
seismic sequence behaves as a Poisson process,
where the events are uncorrelated and independent
among each other. Identifying time-clustering in the
interplate sequence indicates that the seismic process
is not random or uncorrelated but governed by

(b) intraplate

magnitudes

T T T T T T
0 500 1000 1500 2000
n

Figure 9
Time series of in-going connectivity degree k;, (a) and out-going connectivity degree k,,, (b) for the magnitude series of the intraplate
sequence
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KLD for the interevent and magnitude series for both the whole catalogues (a) and aftershock-depleted ones by using the input b-value
calculated by the A-U (b) and LSR (¢) method

memory phenomena that link each event to the oth-
ers. This picture is in agreement with Sippl et al.
(2019) who observed that interplate events “are more
episodic in their occurrence, with sharp rate changes
that correspond to major aftershock series (2007 M
7.7 Tocopilla and 2014 M 8.1 Iquique earthquakes),

and a rather low background rate in-between these”.
Such “episodicity” mirrors the clustering character
identified by the AF analysis, which suggests that the
interplate event rate does change through time with
sharp increases interspersed with low seismic activ-
ity. Contrarily to interplate seismicity, the intraplate
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one does not show significant time-clustering; this
also agrees with Sippl et al. (2019) who found that the
intraplate seismicity “shows a rather stable back-
ground activity”. From a physical perspective, the
clustering found in the interplate seismicity and
revealed by the AF is due to the aftershocks that are
triggered by large events. In fact, after removing the
aftershocks the interplate sequence loses its clustering
behavior at intermediate time scales, and the cross-
over shifts upward. The power-law behavior of the
AF might be put in relationship with the band limited
power law (LPL) model that describes the temporal
decay of the increased local rate of seismicity after
large earthquakes (Davidsen et al. 2015); however,
more investigation is necessary to establish possible
direct relationship between the parameters of the AF
and those of LPL model for aftershocks.

The analysis of long-range correlations in the
magnitude time series has been subject of investiga-
tion in several studies, since magnitude represent one
of the crucial parameter in the framework of seismic
hazard assessment. Telesca et al. (2016) found that
the scaling exponent of the magnitude time series
calculated by the DFA increased during the
2011-2014 reactivation of the volcanic activity at El
Hierro, Canary Islands (Spain). Varotsos et al. (2014)
used the DFA of the magnitude series in several
seismic region highlighting the relationship between
the variation of the scaling exponent and strong
incoming earthquakes. Lennartz et al. (2008) inves-
tigated the long-range correlations of the magnitude
series of Northern and Southern California seismicity
by using the DFA to reveal that earthquake magni-
tude are characterized by long-term memory.
Varotsos et al. (2012) found that the magnitudes of
California seismicity change their status from
uncorrelated to correlated before the occurrence of
large shocks. Telesca et al. (2017a, b) found that the
magnitude series of the reservoir-induced seismicity
of Aswan (Egypt) are persistently correlated indi-
cating that if magnitude tends to increase or decrease
in a certain period, very likely it will keep on
increasing or decreasing in the next period.

The persistent character of the magnitudes of
interplate seismicity suggests that they are not inde-
pendent, indicating that if the magnitude increase (or
decrease) in a certain period, it will likely increase (or

decrease) in the next period. Such correlation struc-
ture in the magnitudes of the interplate seismicity
disappears after removing the aftershocks that could
be considered as the main source of persistence in the
magnitude series. Contrarily to magnitudes, the
interevent times of interplate seismicity keeps still
persistent character at large scales after removing the
aftershocks, and this is agreement with the AF results
for the same series. The aftershocks are also
responsible of this behavior because their effect on
the interevent times at intermediate scales is annihi-
lated. The whole and aftershock-depleted intraplate
seismicity show random behavior in both the mag-
nitudes and interevent times; this indicates that
earthquakes are not correlated in time as well as in
magnitude domain. The aftershocks represent only
15% of the whole intraplate seismicity, while they
represent about 60% of the whole interplate seis-
micity; thus their effect is much less intense in the
intraplate seismicity than in the interplate one, and
their removal does not change significantly the cor-
relation properties of the intraplate earthquakes in
time and magnitude.

The topological results obtained by applying the
visibility graph seem consistent with the fractal
results. The time-reversibility/irreversibility has
become important in characterizing natural phenom-
ena and observed time series (Daw et al. 2000).
Time-reversibility (time-irreversibility) indicates that
statistical properties do not depend (depend) on
whether one observes the behavior of a system as
time proceeds in its natural or reverse direction.
Time-irreversibility implies that the system is char-
acterized by nonlinear dynamics, non-Gaussian noise,
or both (Stone et al. 1996). Thus, significant time-
irreversibility excludes Gaussian linear processes or
static nonlinear transformations of such processes as
possible models for the generating dynamics of a
system (Daw et al. 2000). The time-irreversibility
characterizing the interplate seismicity is a clear sign
of the nonlinearity of the seismic process that is
constituted in the majority by aftershocks. After-
shocks are responsible not only of the time-clustering
behavior of the interplate seismicity, but also of its
nonlinearity, typical of system driven out-of-equi-
librium (Roldan and Parrondo 2010). The aftershock
removal makes all the catalogues time-reversible
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both in the magnitudes and interevent times; this
could be explained by a reduction of the nonlinearity
of the seismic process. The presence of aftershocks
“favors a time direction” in the evolution of the
seismic process, because they are produced after the
occurrence of a large shock. The dynamical proper-
ties of the background seismicity, which remains
after removing the aftershocks, are substantially
independent upon the time direction of observation.
This agrees with the concept of “topological iso-
tropy” that was stated by Telesca et al. (2020) when
comparing the forward and backward visibility
graphs of seismicity of Italy and Taiwan with and
without aftershocks.

6. Conclusions

Our main findings can be summarized as follows:

(i) the different b values (b = 0.72-0.79 for the
intraplate catalogue and b = 0.60-0.72 for the
interplate catalogue) agree with previous studies
performed on subduction zones and continental
crust (Scholz 2015). Métois et al. (2013) shows a
lower coupling of the Iquique zone, which
confirms the low b value that we obtained for
the interplate zone, indicating a stress state
different from that of the intraplate zone;

(ii) the interplate seismicity is characterized by
significant time-clustering especially at large
time scales, while the intraplate catalogue does
not show significant clustering phenomenon.
After removing the aftershocks, the interplate
catalogue still keeps its clustering phenomenon
but at higher timescales, thus shortening its
clustering time scale range. The intraplate cata-
logue remains Poissonian for most of the time
scale. This result suggests that aftershocks play
an important role in characterizing the time
distribution of the seismicity in the interplate
zone, whose background seismicity is, neverthe-
less, still characterized by a certain clustering
behavior;

(iii) persistent fluctuations characterize the interevent
times and the magnitudes of the interplate
catalogue, while uncorrelated fluctuations
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characterize the behavior of interevent intervals
and magnitudes of the whole as well as after-
shock-depleted intraplate  catalogue. The
interevent time series of the aftershock-depleted
interplate catalogue are still characterized by
non random behavior at large scales; and this is
in accordance with the results obtained by the
Allan Factor; the magnitudes, instead, are fea-
tured by uncorrelated behavior;

(iv) the magnitudes and the interevent times of the
interplate seismicity and the interevent times of
the intraplate seismicity appear time-irre-
versible; while the magnitudes of the intraplate
seismicity and both magnitudes and interevent
times of all the aftershock-depleted catalogues
are characterized by time-reversibility;

(v) it is evidenced a different role played by the
aftershocks in the intraplate and interplate zones,
that needs to be further explored.
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