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ABSTRACT

Mutability is an information theory tool intended to characterize sequences of non-linear phenomena (e.g.,
earthquakes). In this study, we used mutability to identify and analyze the depth propagation of seismicity in
northern Chile. During March/April 2014, several important earthquakes struck northern Chile, including one of
magnitude 8.1, producing intense but short-lived aftershock regimes. To better understand this behavior, we
used data from the Integrated Plate Boundary Observatory Chile (IPOC) catalog. In a first approach, we
considered 101,601 earthquakes registered from January 1, 2007 to December 31, 2014 within a rectangle
defined by the coordinates 68 W-72 W and 185—22S. Based on Gutenberg-Richter analysis, earthquakes with
magnitudes of >2.3 (a subset of 79,321 seisms) were selected for further analysis and were grouped by depth into
overlapping bins in order to identify the depth propagation of the aftershock regimes. The largest two March
2014 earthquakes produced responses from near the surface to ~18 km depth. The largest two early April
earthquakes had deeper aftershock regimes. In addition, using static information theory, we performed a detailed
layer-by-layer analysis that shows that the March 2014 activity had larger response towards the surface, while
the April 2014 activity showed larger activity towards the inner layers. To reach more recent years data from
Centro Sismoldgico Nacional (CSN) covering from 2012 to the end of 2021 as used. The results show a similarity
between the mutability and dynamic average depths of seismicity from 2012 to 2021. The mutability of recent
years is slightly less than the historic average, which can be interpreted to reflect relaxing mechanisms that are
postponing the expected megathrust event in this zone.

1. Introduction

Emergent phenomena can be found in natural systems such as the
magnetosphere [1], fluid turbulence [2], climate [3], and seismicity [4].
The complexity of natural phenomena involves the conjugation of
different events and the evolution of these events in time. The occur-
rence of a large earthquake unites a series of elements that bring the
system to a critical point, for which the mechanics are known. However,
the periodicity or migration of aftershocks cannot be known in advance;
even the areas of highest aftershock activity cannot be predicted. The
presence of emergent phenomena is crucial for better identifying the
mechanisms through which large seismic events and subsequent seis-
micity are generated. However, while the physical effects of large
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earthquakes are evident and measurable (e.g., damage to infrastructure,
changes in geography and the landscape), the impact of an earthquake at
depth is not easy to analyze.

Information theory has been used in the analysis of earthquake
occurrence in different zones of the planet. Telesca et al. have studied
the inter-event time of seismic events through Shannon entropy and/or
Fisher information measure in different places of the Earth [5-8]. In a
recent work they show how information theory can five lights about how
water reservoirs can trigger earthquakes in Vietnam, for example [9].
On the other hand, Varotsos et al. have extensively studied the concept
of natural time in time sequences of slight earthquakes occurred be-
tween two large earthquakes [10-14]. To these methods now we can
add the nowcasting method developed recently by Rundle et al. in 2018
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and 2019 [15,16]. This method tries to give a classification of the
seismic risk in a specific region based on the idea of the seismic cycle.
Thereby, using the concept of Shannon Information Theory, they carry
out an analysis considering the information entropy over frequency-
magnitudes. Although the latter provides similar information to that
already obtained by natural time, it returns to the information entropy
as a useful hypothesis to address the seismic hazard in certain areas of
the planet. As explained in the Methodology Section below we use here
an alternative way of dealing with information theory, with connections
to Shannon entropy.

On 1 April 2014, after a series of early precursors [17-19], a Mw 8.1
earthquake occurred near the city of Iquique, northern Chile. This area is
of particular research interest owing to a seismic gap between southern
Peru and northern Chile since the last mega-earthquake, a devastating
Mw 8.5 event in 1877 [20]. During the last three decades, several events
of magnitude >Mw 7.0 had occurred in this region [19,21,22]. How-
ever, various studies have highlighted the potential risk for a larger
earthquake in this region, including those of Ruiz et al. [18], Le6n-Rios
et al. [23], and Ruiz and Madariaga [20]. In 2006, in response to

Chaos, Solitons and Fractals: the interdisciplinary journal of Nonlinear Science, and Nonequilibrium and Complex Phenomena 165 (2022) 112874

increased seismic activity, the Integrated Plate Boundary Observatory
Chile (IPOC) network was installed in northern Chile to systematically
record seismic activity in this region. However, subsequent seismic ac-
tivity did not behave as anticipated. High seismic activity before the
earthquake of April 1 lead to speculation that a megathrust event would
occur in this seismic gap. However, the seismic events of March and
April of 2014 only ruptured a zone of low coupling; they did not extend
to the entire seismic gap as expected. To better understand this behavior,
we investigated the effects of the 2014 earthquakes at different depths
and compared the results with previous activity in the area from 2007 to
2014.

Using data from the IPOC catalog for northern Chile [24], we focused
our analyses on plate interface seismicity, for which the catalog contains
9818 earthquakes. In addition, in order to include more recent seismic
data in our analyses, we also used the Centro Sismoldgico Nacional
(CSN) catalog (https://doi.org/10.7914/SN/C1), which contains
22,248 seismic events in northern Chile between 2012 and 2021. Data
analysis was performed by combining basic statistics with information
theory techniques. In particular, we applied the concept of mutability to

-20°

Fig. 1. Seismicity within a rectangle defined by the
coordinates 68 W-72 W and 185—22S (i.e., northern
Chile) during 2014. The red star denotes the Mw8.1
Iquique earthquake of April 12,014; the orange star
denotes the Mw?7.6 aftershock of April 32,014; the
magenta star denotes the Mw6.6 foreshock of March
16, 2014. Yellow circles denote earthquakes of 2.0 <
M < 2.9, cyan circles denote earthquakes of 3.0 < M
< 3.9, blue circles denote earthquakes of 4.0 <M <
4.9, and green circles denote earthquakes of 5.0 <M
< 6.5. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)
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detect differences in the responses to earthquakes at different depths.
Mutability has previously been used in seismology [25,26] as well as in
other fields as discussed below [27-36].

2. Geological context

The subduction zone of northern Chile is formed by the subduction of
the Nazca Plate beneath the South American Plate at a rate of ~6-7 cm
per year. Large historical earthquakes in northern Chile occurred in
1543, 1615, 1786, and 1877 [20]. The last mega-earthquake, which
occurred on May 9, 1877, had a magnitude of >Mw 8.5; it caused a
rupture of ~500 km in length and generated a devastating tsunami that
affected the coast from Arica to the Mejillones Peninsula. A number of
subsequent earthquakes of magnitude >7.0 have occurred (i.e., the 1911
Mw 7.1 Iquique earthquake, 1933 Mw7.6 Iquique earthquake, 1940 Mw
7.10 Iquique earthquake, 1967 Mw7.4 Tocopilla earthquake, 1995 Mw
8.0 Antofagasta earthquake [21], 2001 Mw8.4 Arequipa earthquake
[22], and 2007 Mw7.7 Tocopilla earthquake [19]). However, large
sections of thel877 rupture have not been ruptured since. As such,
northern Chile and southern Peru represent a seismic gap, within which
a large earthquake has been expected for many years [20,37,38].

The rupture of the 2014 Mw8.1 Iquique earthquake, which struck on
April 1, 2014, was ~200 km in length [23] and only broke a low
coupling region [37,38] in the central zone of the seismic gap (Fig. 1).
Prior to the earthquake, seismic activity in the region had been
increasing since 2008, culminating in foreshocks of Mw 6.6 and 6.4 on
March 16 and March 17, 2014, two weeks before the mainshock. Among
a series of aftershocks, the most significant occurred 100 km to the south
of the mainshock on April 3, 2014, with a magnitude of Mw 7.6. Ruiz
et al. [39] concluded that seismicity associated with the Mw 8.1 event
was mainly distributed around the trench to the southwest of the rupture
zone, with foreshocks and aftershocks principally located on the shallow
interplate interface.

3. Methodology
3.1. Selection and treatment of the relevant data

In this study, we focused on seismicity within the epicentral zone of
the 2014 Iquique earthquake (Table 1), which was defined by a rect-
angle formed by the coordinates 68 W-72 W and 185S—22S as illustrated
in Fig. 1. Since this is the only rectangle over which data was collected,
we will not repeat this information in the rest of the text or the plots.
Most of the present study makes use of the data from the very accurate
IPOC catalog to investigate seismicity on the plate interface [24]. The
IPOC network was installed in 2006 to monitor seismic activity in
northern Chile, including that in the seismic gap. The network was
created as an association between the University of Chile,

Table 1

Earthquakes of magnitude Mw6.3 and higher within a rectangle defined by the
coordinates 68 W-72 W and 185—22S (see Fig. 1). Four reference seismic events
(a triggering earthquake and the next important in magnitude) are highlighted
in boldface. The earthquakes of April 3 were separated by 45 min. The March 22
earthquake occurred at a depth nearly twice that of the other events, with the
hypocenter well inside the Nazca plate.

Date Magnitude Latitude Longitude Depth
(yyyy-mm-dd) (km)

2014-03-16 6.6 —19.95476 —70.85965 17.86
2014-03-17 6.4 —19,97,812 —70.95194 21.09
2014-03-22 6.3 —19.74193 —71.03003 46.32
2014-04-01 8.1 —19.58927 —70.94021 19.91
2014-04-03 6.4 —20.23952 —70.68120 24.34
2014-04-03 7.6 —20.59462 —70.58543 21.96
2014-04-04 6.3 —20.59444 —70.70383 22.50
2014-04-11 6.3 —20.70646 —70.72461 20.72
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GeoForschungsZentrum (GFZ) of Germany, and the Institut de Physique
du Globe de Paris (IPGP) in France [24]. It consists of 20 sites equipped
with broadband seismometers, accelerometers, and double frequency
Global Positioning System (GPS) receivers. The IPOC catalog for
northern Chile [24] contains 101,601 seismic events recorded between
2007 and 2014. In addition, in order to extend part of our analyses to
more recent years (for which IPOC data are not available), we also
extracted data from the CSN catalog (https://doi.org/10.7914/SN/C1),
which contains 22,248 seismic events between January 1, 2012 and
December 31, 2021 for the same rectangular region. Although not
entirely equivalent to that of the IPOC, the CSN catalog provides a good
description of seismic activity in the region until recently.

3.2. Analysis and algorithms

We first analyzed the data using simple statistics, and then applied
the wlzip recognizer to the time lags in the earthquake sequences. A
similar approach has been used in past studies [25,26], which is now
improved in the tuning possibilities of digits recognitions in the way
explained a few paragraphs below.

There are three reasons to use time lags between consecutive
earthquakes as the observable on which perform the information
recognition: i) Time lags between consecutive earthquakes span three
orders of magnitude allowing to recognize different regimes; ii) Muta-
bility can be tuned to the significant digits in the time lags sequence
bearing the more relevant information; iii) Differences in time among
different stations is usually negligible as compared to differences in
magnitude or depth. As for the definition this is simply given by the time
difference (in minutes is OK) between consecutive seisms over a critical
magnitude and within the geographical area of interest. We can further
define average time lags, standard deviations for the sequence, muta-
bility, and other statistical variables or indicators. A detailed description
of this approach can be found in Vogel et al. [25]. In brief, wlzip uses
data compressor techniques to recognize digits for records of an equal
number of digits along a vector file.

Among the variables produced by a seismic data sequence it is the
time lags or time intervals among consecutive sequence the one that
spans more orders of magnitude. The first task is to produce files with
the time intervals 6 in minutes between consecutive earthquakes. Then,
we invoke a data recognizer like wlzip to search for repeated registers
and produces a new file with a map of previous one. We briefly review
here the method which has been developed.

It originated in dealing with sequences of data for magnetic systems:
Monte Carlo simulations provide sequences of magnetization or any
order parameter for each separate temperature, after equilibration
[27-29]. The weight in bytes for such file is w. Then wlzip produces a
map of previous file recognizing repetitions using algorithms similar to
those of data compression; the weight of the “compressed” file is w*. The
more and sooner the same register repeats itself along the data chain, the
shorter the new file becomes.

In this way we have two data chains: the mutability y for this series is
defined as the ratio:

h=— @

w

This definition can apply to the whole file or to windows along the
file in a dynamic process that produces a function g, (t), where the
recognition considers a window of the v registers ending at the instant t.
The number of elements v appropriate to a given problem must be
searched in each application of the technique. For the present applica-
tion, we found that v = 64 produced results that enhance the aftershock
regime. This can be appreciated in Fig. Al of the Appendix.

Previous definition applies to any data sequence, so this method was
later successfully applied to fields beyond magnetism: econophysics
[30,31], blood pressure [32,33], polymer deposition [34,36], wind en-
ergy generation [35] and earthquake recognition [25,26]. It is precisely
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in these last two papers where details of the application of this method to
seismic data has been explained in detail. We briefly summarize here
some technical elements relevant to the present study.

Data recognition can be achieved by looking at the whole register
(including noise) or at the most sensitive digits bearing the most
important variation in the data. To accomplish this task, all registers
must have the same number of digits. Suppose one such register is
01432, namely an interval of 1432 min between two consecutive
earthquakes. The leading zero is needed so that all registers have 5
digits. Depending on the sequence it can be convenient to focus the
recognition on some of the positions denoted by (i,n), where i identifies
the position of the first digit under consideration and r gives the range or
number of positions recognized from there to the right. Thus, (1,5)
means recognition of the five digits; (2,3) means recognition of digits in
the second, third, and fourth positions (e.g., digits 1, 4 and 3 in the
example); (3,2) means recognition of the third and fourth digits only (e.
g., digits 4 and 3 in the example). A larger range for the mutability (i.e.,
better characterization of extreme behaviors) is obtained when (i,r)
determines the most sensitive digit positions for the data under
consideration. Therefore, this is a calibration process that needs to be
performed specifically for each problem. We tested all possible (i,r)
combinations and identified a truncation of (2,3) as the most appro-
priate for the present application. Appendix 1 presents a plot for the
series (i,3), illustrating how (2,3) was picked for the present work.

Mutability has no absolute meaning and can only be used for relative
comparisons within a sequence. Generally speaking, low values of u
indicate calm periods for the variable, while high values mean the
opposite, namely rapidly changing values of that variable along that part
of the sequence. Thus, aftershock periods have low mutability values
due to successions of short time lags most of which presenting 2 or 3
zeros as the leading 5 digits, so producing many numerical coincidences.

With all the seisms in this database we conducted a statistical anal-
ysis in which the distribution of earthquake magnitudes follows an
empirical and universal relationship, usually called the Gutenberg-
Richter relationship (GRr) [40]:

logn(M > ) =a—bM 2

where n(M > ) is the cumulative number of earthquakes with magnitude
equal to or larger than M, and a and b are real constants that may vary in
space and time. Parameter a characterises the general level of seismicity
in a given area during the study period (i.e., the higher the a value, the
higher the seismicity), whereas parameter b, which is typically close to
1, describes the relative abundance of large to smaller shocks. The idea is
to determine M the threshold value over which the linear behavior
holds ensuring a normal distribution.

Although some studies estimate the value of M¢, by fitting GRr to the
observed frequency-magnitude distribution (the magnitude at which
the lower end of the frequency-magnitude distribution departs from the
GRr is taken as an estimate of M¢) [41], there are several other methods
to better determine the threshold magnitude (M¢). Catalog-based tech-
niques include day-to-night noise modulation (the day/night method)
[42], M¢ from the Entire Magnitude Range [43], the maximum curva-
ture technique (MAXC) [44], the M¢ by b-value stability (MBS)
approach [45], and median-based analysis of the segment slope
(MBASS) [46]. The maximum curvature technique is mainly used in
applied techniques and was chosen here; however, the results do not
differ significantly among these approaches. The Gutenberg-Richter
relationship is shown in Fig. 2 and the MAXC technique indicated that
Mc ~ 2.3. We plotted magnitude vs. time in Fig. 3 to visualize the
seismic energy released in the area of interest and the period from
January 2014 to April 2014.

There are two main classes of methods to evaluate MO [47]: catalog-
based methods (e.g., Rydelek and Sacks [48], Woessner and Wiemer
[49], and Amorese [50]) and network-based methods (e.g., Kvaerna and
Ringdal [51], Schorlemmer and Woessner [52], D'Alessandro et al.
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Magnitude (M)

Fig. 2. Guttenberg-Richter analysis of seismicity in northern Chile during 2014
for the area of interest. Red triangles denote the numbers of events in each
magnitude bin and blue circles denote the cumulative frequency-magnitude
distributions of events. From the maximum curvature (MAXC) technique, the
threshold magnitude (Mc) for catalog completeness is M = 2.3. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 3. Magnitude vs. time (in days) for seismicity in the defined rectangle,
from January 1 to April 16, 2014, split into series A (January 1 to March 15),
series B (March 16 to March 31), and series C (April 1 to April 16). The red star
denotes the Mw8.1 earthquake of April 1, 2014, the orange star denotes the Mw
7.6 earthquake of April 3, 2014, and the magenta star denotes the Mw6.6
earthquake of March 16, 2014. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

[53]). We used a catalog-based method because the necessary inputs
were available from our dataset. Although some studies estimate the
value of M by fitting GRr to the observed frequency-magnitude distri-
bution (the magnitude at which the lower end of the frequency-
magnitude distribution departs from the GRr is taken as an estimate of
Mp) [54], there are several other methods that can help us to a better
determine the threshold magnitude. Some of the catalog-based tech-
niques include the day-to-night noise modulation (day/night method)
[48], the My from the Entire Magnitude Range [55], the MAXC tech-
nique [40], the Goodness-of-Fit Test (GFT) [40], the My by b-value
stability (MBS) approach [56], and the Median-based analysis of the
segment slope (MBASS) [50]. The maximum curvature technique is
mainly used in applied techniques and was chosen here; however, the
results do not differ significantly among these approaches. The Guten-
berg-Richter relationship is shown in Fig. 2 and the MAXC technique
indicated that M¢ =~ 2.3. We plotted magnitude vs. time to visualize the
seismic energy released in the area and period selected (Fig. 3a); a
detailed plot of the period from January 2014 to April 2014 (Fig. 3b)
was used to define the series A, series B, and series C subsets (see Section
3a for details).

Major earthquakes and aftershocks usually occur at the subduction
front. As such, we focused on earthquakes produced at depths of 6-52
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km; surface events, which are not related to subduction, were excluded.
The lower limit of 52 km was arbitrary; choosing other similar depths
yielded similar results. We classified events by depth using overlapping
bins of 6-12, 9-15, 12-18, 15-21, 18-24, 21-27, 24-32, 28-36, 32-40,
36-44, 40-48, and 44-52 km. The overlap was intended to compensate
for layers with low activity and to maximize the probability of having a
triggering earthquake and most of its aftershocks within the same layer.

4. Results and discussion

Fig. 4 shows the mutability of § for the earthquakes of 2007-2014.
For the most part, its value is between 0.6 and 0.8; however, near event
48,000, the mutability function experienced a sudden and oscillatory
decrease in the form of needles pointing downwards but, indicating a
rapid succession of repetitive values of . This feature is indicative of an
aftershock regime. To better understand the aftershock responses, we
divide the year 2014 in 4-time intervals each one with its associated
series of seisms. (1) Series A, extending from January 1 to March 15,
2014, when the first triggering event occurred (see Table 1): there were
no large earthquakes or aftershocks and mutability oscillated around
0.7. (2) Series B, lasting 16 days from March 16 to March 31, 2014 (just
before the second triggering event and largest earthquake occurred),
during which there were at least two important earthquakes (Mw 6.6
and 6.4) and associated aftershock responses; during this time, muta-
bility fell to almost 0.3. (3) Series C, extending for 16 days (so it is the
same previous time span) from April 1 to April 16, 2014, during which
there were two major earthquakes (including the largest event of Mw
8.1); this period saw the superposition of the remaining of the previous
aftershock regime and the vigorous new one with mutability reaching
just under 0.15. (4) Series D, extending from there to the end of 2014,
when no major earthquakes occurred, and mutability steadily recovered
in an oscillatory manner to a value of just under 0.7. The four significant
earthquakes listed in Table I, which occurred during series B and C, led
to different aftershock regimes, with the strongest event (Mw 8.1 on
April 1, 2014) producing the most pronounced fall in mutability.

Fig. 5 shows a statistic analysis of earthquake properties. In terms of
number of events (Fig. 5a), series A had very low activity overall, with
slightly more earthquakes at intermediate depths, serving as a reference
of the activity just before a great seism. During series B, the number of
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Fig. 4. Mutability of the sequence for § from 2007 to 2014. The intense activity
of 2014 is displayed in the inset, in which the horizontal line labeled (3y)
represents the average value of the mutability function for the previous 3 years
of the full period (2011, 2012, and 2013) and the colored bars represent series
A, B, C, and D. Note that the sequence of earthquakes (x axis) is not linear
with time.
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events increased until ~28 km depth, below which activity was low
(similar to that of Series A). During series C, which included the largest
event, the numbers of events were the highest, increasing until 28 km
and then decreasing with increasing depth. This uneven number of
seisms with depth was the reason to prepare wider bins over 28 km to
allow for better statistics.

In terms of average magnitude (Fig. 5b), during series A, the largest
events were at intermediate depths (~15-27 km) while the lowest
average magnitude was at ~32 km (the point at which the number of
earthquakes was also at a minimum); series B and C show similar pat-
terns. The average magnitudes all occur within 3.0 < M < 3.6; as such,
magnitude does not offer a distinctive characteristic to distinguish the
different series.

To display the important differences in intervals § between consec-
utive seismic events, the logarithm of (5) was plotted on the y axis
(Fig. 5¢). Using these differences, we can discriminate between series
and between different depths within a given series. For this reason, we
focused on & for our subsequent analyses. The mutability curves for the §
sequences (Fig. 5d) are also illustrative because of the different activity
developed under dissimilar conditions. The values for series A, which
had a small number of events, remained high regardless of depth. For
series B, mutability fell as the depth increased to 21-27 km depth, after
which it increased again. Series C showed a similar pattern but fell to
even smaller values at depths of 21-32 km. Down to 27 km, series C
likely contains a contribution from the sequence triggered by the March
16 earthquake (which occurred during series B). We prepared figures
with all bins of 6 km similar to those presented in Fig. 5: the tendency is
the same, but some dispersion is noticed for the deeper bins because of
poorer statistics.

Fig. 6 shows the detailed variations in mutability within different
depth intervals. Owing to the limited number of earthquakes involved in
each plot, direct comparisons among several depths was not possible;
however, a number of observations can still be made. First, the number
of induced earthquakes decreases with depth, as demonstrated by the
larger gap between stars representing the March earthquakes in the
12-18 km interval compared with the 18-24 km interval. This is
corroborated by the relative values of the first drop in mutability, which
is larger for the 12-18 km interval (Fig. 6a) than for the 24-32 km in-
terval (Fig. 6¢). The second drop in mutability is smaller than the first
within the 12-18 km depth interval (Fig. 6a), approximately equal to the
first in the 18-24 km depth interval (Fig. 6b), and clearly dominates in
the 24-32 km depth interval (Fig. 6¢). The recovery of mutability to
values similar to those before 2014 is achieved at shallow depths but not
at larger depths. Finally, aftershock activity generated by a 2009
earthquake (hypocenter: 19.659S, 70.731 W; depth: 27.2 km; magni-
tude 6.2) is clear after ~100 earthquakes at 24-32 km depth (Fig. 6c¢).

Fig. 6a, b, and d all show the recovery of mutability values after the
main seismic activity during 2014. However, between 24 and 32 km
(Fig. 6¢), mutability does not show a complete recovery. The results
shown in Fig. 6d remain unexplained. We observed high mutability at
32-40 km depth up to event ~800 (the Mw 8.1 earthquake), with no
evidence for the 2009 event, which is marked by a low mutability spike
in the previous layer (24-32 km). This indicates somewhat continuous
activity at this depth prior to the Mw 8.1 event on April 1, 2014. In
future work, this observation may allow us to study the depths of fore-
shock activity and to identify possible precursor activity that could be
used for earthquake early warning.

We selected series B to study the dynamic mutability within a time
window of 64 events for different depth intervals (Fig. 7). Series B was
selected over other time periods because the activity can be attributed
solely to the earthquakes of March 2014. Between 12 and 18 km
(Fig. 7a), aftershock activity is clearly observed after the earthquake of
March 16 (i.e., falling mutability). Between 18 and 24 km (Fig. 7b),
similar aftershock activity is clearly observed after the earthquake of
March 16 (i.e., falling mutability), but a second set of reactions (a re-
covery and subsequent drop in mutability) is also observed. This signal
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relates to a Mw 6.4 earthquake with a depth of ~24 km on March 23,
2014. In contrast, the logarithm of the average interval () in minutes
between consecutive earthquakes (Fig. 5¢) does not show evidence for
the large, shallow earthquakes of early March; only the later and deeper
earthquakes cause a fall in the mutability function. This clearly indicates
the power of this technique for detecting local activity if a sequence of
events can be produced for a given depth.

Since the IPOC database does not cover recent years, we also used the
CSN catalog to investigate changes in mutability between 2012 and
2021 (Fig. 8). The absolute value of mutability depends on the density of
data; therefore, results based on data from different sources and for
different time periods are not directly comparable. However, the ten-
dency of the mutability measured using the CSN data was found to be
consistent with that for the same period using the IPOC data (Fig. 4),
particularly with regards to the variation during 2014. Within a year of
the 2014 activity, the mutability had recovered to the level seen before
the large earthquakes.

An unexpected finding was that the dynamic average depth (calcu-
lated from the last 64 events) closely follows the mutability. Before the
Mw 6.6 and 6.4 foreshocks of March 2014, the depth oscillated around
80 km as shown with respect to the right ordinate axis in Fig. 8. During
and immediately after the March/April 2014 events, the average depth
oscillated around 30 to 40 km. Afterwards, the average depth returned
to ~80 km. However, the recovery rates (slopes in Fig. 8) for depth were
slower than those for mutability.

Three significant earthquakes have occurred since April 2014: a
M6.0 on June 19, 2014, a M6.3 on October 10, 2017, and a M6.3 on
September 11, 2020. The first represents an important aftershock of

series C. The second was deeper and produced a short-lived drop in
mutability without altering the average depth. The third was at an in-
termediate depth and caused significant short-lived drops in both
mutability and average depth, followed a gentler recovery of mutability
to the long-term average, similar to the pattern observed for the earlier
aftershock recoveries (see Fig. 4 and Vogel et al. [25]).

A number of additional observations require further investigation in
the future. First, just before the initial earthquake of March 16, 2014 (at
~700 events), there was a small decrease in mutability, similar to the
extended decreases of the aftershock regimes, and a small decrease in
the average depth. Future work is needed to assess whether this signal is
present before other large subduction earthquakes. Second, we observed
that the average depth increased towards the end of 2021 (to between
100 and 110 km), while mutability remained stable slightly below the
2012-2013 average. The meaning of this behavior in terms of a potential
megathrust event in this region remains unknown but could be inter-
preted as reflecting relaxation mechanisms that are postponing the ex-
pected megathrust event in this region.

5. Conclusions

The results of this study confirm that the content of the sequence of
intervals between consecutive earthquakes, as recognized by mutability
of appropriate precision [25-27,29], can recognize aftershocks regimes
of different earthquakes and characterize their depth trends. Four major
earthquakes near Iquique in 2014 occurred in pairs. The first couple, Mw
6.6 and 6.4 events, resulted in a shallow-deep aftershock regime during
the second half of March 2014. Activity was initially focused in the
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12-18 km depth interval, but later increased to ~24 km depth. Within
the, 18-24 km depth interval, we observed two sources of aftershock
activity, which differed in both depth and time. We suggest that the
second and deeper aftershock activity was related to a Mw 6.3 earth-
quake that occurred at a depth of 46.32 km, inside the Nazca plate
(Table 1, Fig. 7). The second couple, Mw 8.1 and 7.6 events, were deeper
and stronger than those of March 2014, and were separated by ~100 km
in the north-south direction. Their aftershock regimes extended to ~50
km depth (see series C in Fig. 5); the events were concentrated during
April 2014 but continued throughout 2014 with a decreasing trend. An

earlier decrease in the mutability function during 2009 was related to a
27.2 km deep Mw 6.4 event on April 17. This was an isolated event that
did not propagate or influence later aftershock activity.

The locations and depths of aftershocks are consistent with the
subduction interface. Mutability values showed short-lived decreases
within all depth intervals after the 2014 activity. At present, mutability
levels are slightly below the pre-2014 average. Investigations of muta-
bility during calm periods within different depth intervals could reveal
“hidden” activity, but this is beyond the scope of the present study. It is
possible that the slightly depressed mutability of recent years reflects
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of Chile.

relaxation mechanisms that are postponing the expected megathrust
event in this region.
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The choice of a time window with v = 64 is justified in Fig. A1, where two additional time windows are included (48 and 96). Evidently, v = 64
produces a wider response in mutability values during the aftershock regimes, which allows a better determination of differences. The depth bin
between 21 and 27 km was chosen for this illustration, but similar plots have been obtained for other depths.
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The tuning of wlzip is illustrated in Fig. A2; four different truncation alternatives are shown for the same set of data (series B: all depths from April 1
to 142,014). Tuning of (2,3) renders the largest range, and hence offers better precision to characterize intermediate cases. Similar compression
procedures were performed for the series (1,r) and (3,r) [data not shown], but tuning (2,3) had advantages over others and as such was chosen for use
in this study.
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Fig. A2. Illustration of wlzip tuning. The data used in each curve is the same and corresponds to series B (see Section 2). The four data recognitions in the format (i,r)
consider r digits, starting at position i. Setting the configuration to (2,3) produced the largest range in mutability, allowing for better classification of the property
under study.

The results shown in Fig. 4 can also be represented in real time units from January 1, 2007, to December 312,014 (Fig. A3). The main difference is
that events in the aftershock regime are more compressed, and so the texture of the sequence is somewhat lost. For this reason, our analysis was
performed in terms of sequences of events, which made it easier to appreciate different important events during responses to the main earthquakes.
One advantage of Fig. A3 is that a prominent drop in mutability can be seen for the Mw 6.3 earthquake of 2009 and its short aftershock period.
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