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Usually, seismic analyses are based on magnitudes which are obtained from models based on the energy
released by each earthquake. The present approach supplements this description by including the intervals
between consecutive events. This is justified by arguments coming from fundamental physics: energy and
time are canonical variables, so they offer complementary and equally acceptable descriptions of the same
phenomenon. We then apply both schemes to four seismic zones along the coast of the Pacific Ocean (part of
the “circle of fire””) surrounding the following major earthquakes: Mw8.2 in Alaska (2021), Mw?7.1 in California
(2019), Mw8.2 in Iquique (2014), and M w8.8 in Maule (2010). Following a basic statistical characterization, we
applied mutability and diversity analyses—two information theory techniques related to Shannon entropy—to
the magnitude and interval sequences. The analysis of the interval sequences provides an accurate description of
the seismic activity. Magnitude and intervals present opposite variations in the dynamical analyses, thus offering
complementary descriptions of the same phenomenon. However, the results for intervals render a more direct

interpretation of the seismic sequence.

DOI: 10.1103/xj32-b6t

I. INTRODUCTION AND BACKGROUND

The seismic activity of the planet has always been a source
of new questions and, in recent years, new ways of addressing
them have emerged. Among these is entropy, a statistical
physics tool that researchers are increasingly using in the
study of seismicity, whether it is the classic Shannon entropy
or the nonextensive Tsallis entropy [1-9].

Seismographs record several parameters with each earth-
quake, which are input to algorithms that provide quantitative
information. The most usual characteristics are magnitude,
epicenter (latitude and longitude), depth, initial time, dura-
tion, and nonquantitative characteristics. The property most
frequently reported is the magnitude, which provides infor-
mation about the strength of the telluric phenomenon.

In reality, there is no unique way to find the magnitude and
other features of an earthquake, as there are different ways
to achieve the corresponding values of the parameters. The
following aspects affect the reported magnitude. (1) The value
is calculated with the information provided by the networks of
connected stations, which are heterogeneous in manufacture
and antiquity. (2) This information is processed according to
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algorithms used by different seismological centers. (3) The
value is being updated as the successive information from
the stations arrives at the seismological center. (4) The final
value reported depends on the network of stations. (5) In
the case of magnitudes, definitions have evolved. (6) Most
of the parameters depend on the model of the seismic wave
propagation.

So, it is not surprising that an earthquake can be reported
with different characteristics in catalogs from different seis-
mological centers. Thus, for example, let us consider the
earthquake of 2012.09.19 (YYY Y.MM.DD format), occurring
in Mexico. The Servicio Sismologico Nacional of Mexico
(SSNM) reported its beginning time at 18:05:09 (HH:MM:SS
format) local time, at a depth of 12.1 km, with coordinates
—103.27 latitude and 18.24 longitude, with a magnitude of
7.7 [10]. The United States Geological Survey (USGS) [11]
reports the same earthquake beginning on 18.05.08 local time,
at a depth of 26.9 km, with coordinates —102.96 latitude
and 26.94 longitude, and with a magnitude of 7.6. The less
significant difference is one second for the beginning of the
earthquake, but all other differences are notorious. Actually,
the difference in magnitude of decimal points is large because
of the logarithmic scale used to determine this parameter. This
is just one example, but differences in parameters occur when
comparing catalogs [11].

From the previous paragraph, a question immediately fol-
lows: which parameter has less uncertainty? The immediate
answer is the time at the beginning of an earthquake. This is
even more so if seconds are left out, as will be done in this
work. Then, the time and time intervals are essentially exact
up to one minute.
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So, in the rest of this analysis, we will carry out parallel
calculations based on magnitudes and time intervals of a set
of seisms with characteristics extracted from catalogs that we
will quote. For the reasons already discussed above, we will
stick to one catalog per region under study without combining
data from different catalogs.

The main quantitative approach uses entropy related func-
tions, such as mutability and diversity, to be defined in Sec. IV.
They will apply to sequences of magnitudes and time intervals
for seisms before and after the following major earthquakes
along a portion of the “circle of fire” lying on the east side
of the Pacific Ocean. Subduction processes primarily domi-
nate seismic activity along the Pacific coast of the American
continent, although it varies. In North America, there is an
interaction between the oceanic Pacific plate that submerges
under the North American plate, forming the Aleutian Trench
[12-17]. In Central America, we find a complex tectonic
setting that includes the interaction between the North Amer-
ican, Cocos, Caribbean, and Nazca plates. This interaction
produces the Mid-American trench with high seismic activity
in the area [18-20]. Finally, further south, the interaction be-
tween the Nazca plate and the South American plate has led to
a destructive interaction that has produced major earthquakes
in the past 15 years [21-24]. The seismic richness of this
area motivates us to conduct a comparative analysis of the
aforementioned entropic functions for four major earthquakes
that occurred on the west coast of the American continent.
From North to South, the major seismic events of the present
century include (i) the Mw 8.2 earthquake in Alaska (USA)
in 2021 [11], (ii) the Mw 7.1 earthquake in California (USA)
in 2019 [11], (iii) the Mw 8.2 earthquake in Iquique (Chile)
in 2014 [25], and (iv) the Mw 8.8 earthquake in Maule
(Chile) in 2010 [26]. Modern equipment registered all these
major earthquakes during the 21st century; these earthquakes,
with magnitudes over 7.0, originated from the subduction of
oceanic plates under continental plates.

We can summarize the main innovations of this article as
follows. The analysis of the seismic sequence equally con-
siders both seisms’ magnitudes and time intervals between
consecutive seisms (referred to as intervals from now on).
Introducing the concept of latency (logarithm of the inter-
val between consecutive events) allows comparison with the
magnitude of the seisms (related to the logarithm of the re-
laxed energy). To the analysis by mutability of earthquake
sequences, we add here results of diversity. Results obtained
from the intervals show details that compete with those
contributed by magnitudes. Our purpose is to add different
approaches to those already existing in seismology, mainly
based on entropic functions like diversity and mutability. The
latter carries information on the dynamics of the system as
explained below. In Appendix A we compare results obtained
using these functions to those obtained by Shannon entropy.
This study uses data from four different seismic regions along
the “ring of fire,” enabling a generalizable approach.

This paper is organized in the following way. The next
section recollects the theoretical justifications for dealing with
magnitudes and intervals as parallel descriptions of the same
phenomenon. The third section covers data sources and orga-
nization. Section IV reviews the definitions of both mutability
and diversity. Section V dynamically presents our results,

using composed graphs to illustrate the key features used in
the discussions. The sixth section summarizes the conclu-
sions.

II. THEORETICAL CONSIDERATIONS

Theoretical physics establishes relationships between
canonical variables. Thus, for instance, in classical mechanics,
the Poisson brackets relate position and momentum in the
following way [27]:

{xx, p1} = —{pr, x1} = b1, (D

where k and [ identify the Cartesian axes and §;; is the
well-known Kronecker delta. In this way, the position along
a direction and the momentum along the same direction are
related.

This concept is extended to quantum mechanics in the form
of commutators [28], namely

[xx, pi] = —[pk, x1] = ihi 6k, 2)

where i is the imaginary unit and 7 is the Planck constant.
The relationships between pairs of canonical variables are
also present in Heisenberg’s uncertainty principle [28]:

AxpApp 2 ;51(,1, (3)
where Ax; is the uncertainty in the position along the k com-
ponent, while Ap; is the uncertainty in the momentum along
the [ component. So when the position along a direction is
very well known, the corresponding momentum component is
not well known and vice versa.

Similar relationships hold for the canonical scalar variables
energy E and time ¢ [28]. That is,

]
AEAt > 7 @

A wave of any nature in one dimension is generally ex-
pressed as

y(x’l):f(kx_a)t)v (5)

where k is the wave vector that can be associated in quantum
mechanics with the linear momentum p by the relationship
p = hk; similarly, the frequency w can be associated with the
energy E by E = ho. So, again, here, the canonical variables
play complementary roles.

In the present article, we can formally treat energy and time
as canonical variables in a classical way. On one hand, large
seisms (large magnitudes) are usually preceded by foreshock
seisms of moderate magnitude (less than 4.0 say), while they
give rise to a sequence of aftershock seisms of all magnitudes
(including earthquakes of magnitude 5 or larger). On the other
hand, seisms in the foreshock regime are scarce leading to
large intervals (weeks or even months), while they occur very
often in the aftershock regime (with intervals of hours or
minutes). This clearly tells of complementary behaviors of
magnitudes and intervals.

Despite differences in the definitions and calculations of
seismic magnitudes, these relate to the logarithms of the
energy dissipated in the corresponding earthquakes. There-
fore, let us consider this energy AE and the time interval
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TABLE 1. Four large earthquakes studied in this work, or-
dered from North to South. The columns bear the following
information: (1) geographical name; (2) magnitude (M); (3) date
(YYYY.MM.DD); (4) latitude; (5) longitude; (6) depth (D) in km; (7)
number of seisms originally gathered in the data extraction described
in the text.

Place M Date Lat. Long. D No.
Alaska 8.2 2021.07.29 55.36 —157.89 350 10255
Calif. 7.1 2019.07.06 3577 —-117.60 8.0 15177
Iquique 8.1 2014.04.01 -19.59 —7094 1991 14210
Maule 8.8 2010.04.01 -36.26 —73.19 695 7730

At between successive events as interconnected in a man-
ner similar to canonical variables. Then, we can formally
try to describe the same seismic phenomenon by energy or
intervals, which could provide complementary descriptions of
the phenomenon. Our approach uses this as its basis and we
will present results based on both magnitude (related to the
logarithm of AFE), intervals between consecutive seisms T,
and what we will call latency (the logarithm of t), which we
will properly define below.

II1. SYSTEMS UNDER STUDY AND BASIC
STATISTICAL METHODS

In the first part of this section, we review the seismic
catalogs, data extraction, and data organization. The second
subsection does basic statistics with the magnitude sequence.
The next subsection deals with the intervals. The last subsec-
tion mixes the analysis using both magnitudes and intervals.

8] o Alaska °

A. Seismic data

We defined a curved quadrilateral (rectangle) on the Earth’s
globe around each of the earthquakes listed in Table I, span-
ning two degrees north, south, east, and west. We extracted all
seisms up to 60 km deep, before and after the corresponding
large earthquake, from the catalog stated in the following
summary.

Alaska seisms. The USGS catalog is used [11]. All the
seisms with latitudes between 53.36 and 57.36 and longi-
tudes between —159.89 and —155.89, from 2010.01.01 to
2024.12.31, are extracted. This means 19576 earthquakes,
three of which are over magnitude 7.0. The sequence of all
these magnitudes is plotted in Fig. 1, upper left.

California seisms. The USGS catalog is used [11]. All
seisms with latitude between 33.77 and 37.77 and longi-
tude between —119.60 and —115.60, from 2010.01.01 and
2024.12.31, are extracted. Just one earthquake with a mag-
nitude of 7.0 is present here. This means a total of 151788
seisms. The sequence of these magnitudes is plotted in Fig. 1,
upper right.

Iquique seisms. The IPOC catalog is used [25]. All seisms
with latitude between —17.57 and —21.57 and longitude be-
tween —68.91 and —72.91, from 2007.01.01 and 2014.12.31,
are extracted. Unfortunately, no recent updates to this catalog
are available. This means 14211 seisms, two very consecutive
earthquakes with a magnitude over 7.0, are in this set. The
sequence of these magnitudes is plotted in Fig. 1, bottom left.

Maule seisms. The CSN catalog is used [26]. All seisms
with latitude between —34.29 and —38.29, and longitude be-
tween —71.24 and —75.24, from 2005.01.01 and 2021.12.31,
are extracted. No recent updates to this catalog are available.
This means 7718 seisms. Just one earthquake with a magni-
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FIG. 1. Magnitude versus time of the earthquakes corresponding to each of the four zones around the four earthquakes listed in Table I:

Alaska, California, Iquique, and Maule.
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FIG. 2. Gutenberg-Richter analysis on magnitude M for the four zones under study: Alaska, California, Iquique, and Maule. In cyan the

straight line corresponding to the linear fit given by Eq. (6).

tude over 7.0 is present here, corresponding to the largest one
included in this work with a magnitude of 8.8. The sequence
of these magnitudes is plotted in Fig. 1, bottom right.

We adopt a color code to quickly identify results for each
region: blue for Alaska, orange for California, violet for
Iquique, and red for Maule. This scheme will be used for all
remaining graphs.

B. Magnitudes

As shown in Fig. 1, the information density varies across
regions, mainly due to the catalog used for data extraction.
The Maule region has the lowest seismic density of the four.
In fact, we visited catalogs from other regions that were dis-
carded due to their lack of low-magnitude seisms, thereby
hampering the statistical analysis. Unlike controlled labora-
tory experiments, in this case, we have to handle the available
data, bearing in mind the differences among the sources.

However, the four magnitude graphs have some common
features and also some specific characteristics. (i) The den-
sity of earthquakes is lower before the large seisms. (ii) The
density of earthquakes is larger immediately after a large
earthquake in what is usually called the aftershock regime.
(iii) Alaska has the largest number of earthquakes with mag-
nitude over 7.0, while Maule has only one, which is the largest
of all those considered here and the sixth all over the world
since there is an instrumental record [11]. (iv) We clearly ap-
preciate linked seisms as columns associated with one seism
of magnitude 6 or higher (see, for instance, 2016 in Alaska,
2020 in California, 2008 in Iquique, and 2012 in Maule).

The ordinate in each panel immediately renders the
strongest earthquakes in the corresponding region. We will
pay special attention to earthquakes with a magnitude of 7.0

or higher. We observe that a large amount of seismic activity
follows each such earthquake, corresponding to the after-
shock regime. This contrasts with the foreshock regime, which
shows fewer earthquakes. Before the magnitude 7.0 earth-
quakes in Alaska and Iquique, lower seismic activity occurs.
The opposite is not always true: the scarcity of seisms is not
necessarily an announcement of future vigorous activity (see,
for instance, Alaska in 2013 or Iquique in 2011). However, the
seismic activity is a sign that can be of interest.

An initial statistical analysis usually performed on seismic
data is the Gutenberg-Richter plot as presented in Fig. 2 for the
four regions under study. The lower curves correspond to the
logarithm of the corresponding histograms f (M), correspond-
ing to the frequency of each magnitude. The upper curves give
the logarithm of the accumulated number of earthquakes with
a magnitude greater than the value M. This curve is character-
ized by a linear descent in the number of seisms as M grows.
The Gutenberg-Richter law reveals the self-similar nature of
earthquake occurrence, indicated through the proportion of
small and large seismic events (a low b value shows a major
number of large events). The straight lines (in cyan) in Fig. 6
follow least-square fits on that portion of the curves according
to the law:

log(N(>M))=a— bM, (6)

where M is the magnitude in each plot, a is the intercept
on the ordinate axis, and b is the corresponding slope. The
equation of each inset shows the following b values: 0.66
for Alaska, 0.86 for California, 0.71 for Iquique, and 0.79
for Maule [1,2,19,29-35]. We obtain different b values for
the four different tectonic environments. Commonly, the b
value is close to 1.0, but it varies across seismic zones. Based
on Schorlemmer [35], small values of b are related to high
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FIG. 3. Latency versus time of the earthquakes corresponding to each of the four zones around the four earthquakes listed in Table I:

Alaska, California, Iquique, and Maule.

stress, while larger values (close to 1.0) are associated with
low stress in the zone. In this work, we use four different
tectonic environments, as shown in Fig. 2, to apply mutability
and diversity.

C. Intervals

Usually, catalogs give the initial time of the earthquake in
columns using the following code: YY/MM/DD/HH/mm/SS,
corresponding to year, month, day, hour, minute, and second,
respectively. Following the discussion in the Introduction, we
leave completely out of consideration the seconds, creating a
new column with the actual time ¢ = ¢; of the occurrence of the
ith seism expressed in minutes. Then, we add a column with
the intervals T as the difference between consecutive events,
namely, t; = —t;_;. For completeness we define 7y = 0.
Such intervals can go from zero minutes up to five orders of
magnitude in the data we handled.

In each case, the extracted data led to two different vector
files. File A contains the sequence of magnitudes M and file
B contains the sequence of intervals T between consecutive
events. Because the intervals span five digits, we achieve bet-
ter comparison with magnitudes using their logarithm, which
we call latency L and store in a third vector file. Namely,

L(t) = log(z(1)). (7

Figure 3 gives the latency as a function of time, L(¢), in
a way similar to the one presented in Fig. 1 for magnitudes.

At first sight, we see downward columns correlate with large
earthquakes, whose magnitudes appear in each graph’s inset.
The upper left panel presents the latency of Alaska, revealing
the columns for the activity of 2020 and 2021. But the activity
for the 2016 earthquake (M w®6.6) is better shown for latency
than for magnitude. The latency plot shows a notorious ac-
tivity during 2012, undetected in the magnitude figure. The
other three panels also show similar columns of concatenated
seismic activity. After a large earthquake, as shown by special
symbols defined in the insets, the latency decreases, which is a
manifestation of the significant activity during the aftershock
regime.

Figure 1 and Fig. 3 provide complementary information
and it is possible to appreciate that latency presents more
details than magnitude. Thus, although the number of points
is the same in both figures, the magnitude curves accumulate
them for the lower values, while the latency curves present
them relatively spread. Latency also allows a first character-
ization of the regions according to their values before the
first large earthquake: the average maximum level was nearly
4.2 for Alaska, 3.9 for California, 3.8 for Iquique, and 4.9
for Maule. This tells of the different dynamics of the sub-
duction process in the underground of each region. As the
large earthquake unclogs the subduction process, the plates
can flow through smaller quakes and the latency (intervals)
decreases, as shown in the four panels of Fig. 3. Symbols
on top, defined in the respective insets, indicate the times
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FIG. 4. Dynamical average magnitude (M) (W = 32) and dynamical average of latency (L) (W = 32) for Alaska, California, Iquique, and

Maule. Vertical spans are similar within each plot for comparison.

of the largest earthquakes. It is possible to recognize the
timing of other significant earthquakes below magnitude 7.0,
corroborated by the data files. The 6.2 Alaska earthquake of
April 2, 2016, demonstrates this, appearing in the upper left
panel as a vertical alignment of blue points at the start of
2016. The Iquique data (lower left panel) shows a similar
situation during 2008 because of a 6.3 magnitude earthquake
on 2008.09.10.

From the previously discussed two figures, it follows that
the seismicity of California differs from that of Alaska and
Iquique: magnitudes are lower, while intervals are shorter.
Alternatively, the reduced seismicity reported in the Maule
zone (especially for low magnitudes; see Fig. 1, lower panel)
prohibits a comparative analysis.

D. Magnitude and latency

The logarithm of the energy released by the corresponding
earthquake relates to the magnitudes and we defined latency
as the logarithm of the intervals 7 using Eq. (7). They both
span similar ranges, so it is possible to plot them together to
appreciate their common features and differences.

Figure 4 presents the dynamical average value for time
windows of 32 events, overlapping in one event, both for
magnitudes (lower curves) and intervals (upper curves) for
the four regions considered here. Special symbols show the
timing of earthquakes above magnitude 7.0. Latency curves
present more texture than those for magnitude, which remain
flatter. Despite this important difference, both curves clearly

respond to the largest seism in each region: magnitude curves
as ascending peaks and latency curves as descending or in-
verse peaks at the same time.

Notice that the vertical span is nearly the same for magni-
tude and latency within each panel. This allows a comparison
of the sensitivity or response of each parameter. Apart from
the seisms above 7.0, latency presents a stronger response
for intermediate seisms. Consider, for example, the seisms in
2026 for Alaska, 2023 for California, 2009 for Iquique, and
2019 for Maule. The general contrast for the latency curves is
also larger than the corresponding one for magnitudes.

The same order and colors used in previous figures are
used, except for the curves of (M), which are all black to
contrast with the (L) curves, which are colored. Special sym-
bols at the bottom of the figures mark the times of the largest
seisms; the insets define them.

Several comments are in order regarding Fig. 4. First,
(M) curves are flatter than (L) curves, presenting fewer slope
variations. Second, (L) curves present more variations than
(M) curves. Third, both curves reveal upwards ((M)) and
downwards ({L)) “needles” coinciding with important earth-
quakes. Fourth, (L) curves show better the occurrence of
intermediate seisms than (M) curves; see, for instance, Alaska
2016, Iquique 2009, or Maule 2019. Fifth, we detect no clear
premonitory signs days or weeks before the large earthquakes.

IV. INFORMATION THEORY

The Shannon entropy of the state distribution represented
in the file directly relates to the information content of a vector
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file storing the evolution of an observable [36,37]. Mutability,
an extension of Shannon entropy that reflects the dynamical
properties of the sequence, was later introduced [38,39]. This
entropy-based function has seen use in various fields for over a
decade. To avoid repetitions, we summarize recent references
applying this function precisely to seismicity: comparing it
with Shannon entropy [6,39] and Tsallis entropy [40,41]. We
introduced a second parameter derived from information the-
ory, diversity, a decade ago [42], but then used mutability
because of its dynamic characteristics. We invite readers in-
terested in the entropic implications of this work to check the
previously quoted articles and related references.

In the present article, we will use both mutability and
diversity to discuss the behavior of the magnitude and interval
sequences of the four regions under study. We begin by re-
covering the definitions of mutability and diversity, followed
by an example based on a segment of real seismic data to
illustrate these definitions.

A. Mutability and diversity

Let Q(¢) be a sequence in time ¢ of R registers (measure-
ments) of any parameter of interest. The weight in bytes of the
vector file holding this information is w(Q, R, t). Let R* be
the different values among the R previous registers. Then, we
generate a second file with R* rows that begins with the differ-
ent values in sequential order of their appearance. To the right
of each register, a coded method similar to data compressors
provides the subsequent positions of the register’s appearance
(an example will describe this below). The weight in bytes
of this second file is denoted by w*(gq, R). Note that this
compressed file omits the time ¢. Then mutability is simply
given by [6,43—47]

w*(Q, R)
Rty = ——————. 8
(O, R, 1) w(O.R.1) (®)
Diversity bears an even simpler definition [42], namely
3(Q,R, 1) = 9)

R(Q.1)

It has been recently found that diversity can be expressed as a
functional of entropies [48].

To better illustrate previous definitions we make use of
Table II. The first column enumerates the sequence of R = 32
measurements stored in the second column labeled M. The
third column lists the different values within the previous
column in the order they appear. The fourth column stores the
positions of the repeated values in a coded way. This task can
be achieved in different ways, we do it by means of the data
recognizer WLZIP which works in the following way: we scan
the second column from top to bottom; we write each new
value in the third column, followed in the fourth column by its
distance from the first value (origin) in column 2. Subsequent
occurrences of a value are denoted in the fourth column by its
distance to the last appearance in column 2. We denote a value
repeating r times by appending “, r”* after the last distance. In
this way, each value of the parameter appears only once in the
third column. The relative distances between repetitions do
not require large numbers. The generated map keeps records
of the dynamics of the data sequence and it allows one to

TABLE II. Magnitudes and intervals for a sequence of R = 32
consecutive seisms from the Alaska set during 2016. The first column
is just a sequential index; column 2 lists the corresponding magni-
tudes; columns 3 and 4 store the map produced by wlzip. Frequencies
for the values in the third column are collected in the fifth column.
The sixth column is a spacer. Column 7 lists the corresponding
intervals 7, followed by the corresponding map in columns 8 and
9. The last two rows give the values of mutability and diversity of
magnitudes and intervals according to Egs. (8) and (9).

i M Map (M) f T Map (1)
1 22 22 03 2 00285 00285 0

2 21 21 15 2 04516 04516 1

3 24 24 272 3 01162 01162 2

4 22 37 4 1 02963 02963 3

5 37 26 523 2 03228 03228 4

6 26 33 794 3 19211 19211 5

7 21 32 8 1 00765 00765 6

8 33 23 1013 2 06365 06365 7

9 32 62 12 1 07444 07444 8
10 24 4.1 13 1 10359 10359 9
11 23 35 14 1 01808 01808 10
12 24 34 157 2 03438 03438 11
13 62 3.1 178 2 07473 07473 12
14 4.1 44 18 1 00002 00002 13,22,25224
15 35 28 1911 2 00002 00001 1532
16 34 3.0 215222 5 00001 00005 192
17 33 00002 00007 29
18 3.1 00002 00004 30
19 44 00001 00006 31
20 2.8 00005

21 33 00001

22 3.0 00005

23 34 00002

24 2.3 00002

25 3.8 00004

26 3.1 00002

27 3.0 00002

28 3.0 00002

29 2.6 00002

30 3.0 00007

31 2.8 00004

32 3.0 00006

e 1.0125 0.9063
8 0.5000 05938

recover the original file without losing information. The logic
of each single step algorithm in previous protocol is illustrated
in a flowchart given in Appendix B, where we also offer the
program WLZIP to the interested readers.

In this paragraph we test the previous steps to build the
map corresponding to the magnitudes in the second column
of Table II (the map of the column labeled 7 for the intervals
is built similarly). Readers not interested in these details may
skip this paragraph. Integers in the first column sequentially
label the events. The first value of the parameter Q in the
second column is 2.2, so we write it in the third column,
continuing to the fourth column where we write 0, which is
its distance to the first value in column 2 (distance to itself in
this case). Then we go back to the next value in the second
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column, namely 2.1, which is a new value, so we write it in
the third column and in the fourth column its distance, 1, to the
origin of the second column. Similar situation with the value
2.4, with its distance 2 to the origin of column 2. But when
we go to the fourth register in column 2, we find an already
known value, 2.2; then we go back to the row with this value
in the third column and add 3 to the right in the fourth column,
which is its distance to the last time 2.2 showed in the second
column. The process continues like this up to line 22, when
the value 3.0 appears for the first time, so we write it down
in the third column and the distance 21 in the fourth column.
Then, the value 3.0 appears in row 27, at a distance of 5 from
the last appearance, so we write 5 in the fourth column. Since
3.0 repeats itself in the next row, we add a comma to the last
distance and write 2 (the number of consecutive repetitions).
Then the value 3.0 appears a single time two positions below
and again a single time two positions from the last show.

The weight in bytes of the second column is w while the
weight in bytes of the third and fourth columns together is w*.
Then the mutability for the observable Q is given by Eq. (8).
In the last two rows of Table II we give the mutability and
diversity values for the examples.

B. Application to magnitudes and intervals

The previous presentation is general and it can apply to
any observable. However, Table II represents real seismic
data corresponding to a segment of the extracted data for
Alaska, including the 6.2 earthquake of 2016. So in column
2 Q corresponds to the magnitudes M of the corresponding
sequence of seisms; columns 3 and 4 are for the map of
the magnitudes produced by wlzip; column five is for the
frequencies of the magnitudes. The mutability and diversity
for magnitudes can be obtained from columns two and the
combination of columns three and four.

After the sixth narrow column for spacing in Table II,
we find the seventh column with the sequence of intervals
T between consecutive seisms. Notice that all entries have
five digits to facilitate recognition (a blank is not a digit).
As we did for the magnitudes, the eighth and ninth columns
make the map of the seventh column by using WLZIP . One
can readily calculate mutability and diversity corresponding
to the intervals using the information in the seventh and the
combination of the eighth and ninth columns.

The row labeled ¢ gives the values of the mutability for
magnitudes and at intervals using Eq. (8). Similarly, the row
labeled & gives the values of the diversity for magnitudes and
at intervals by Eq. (9).

The fourth column readily provides the frequency f (i) for
the value given in the third column. These frequencies f; give
the probability p; for the ith value in column 3:

(10)

where R is the number of records in the second column. The
larger the sampling, the more representative this probability
is. With these probabilities, we can get the Shannon entropy
as

H==Y piln(p). (11)

We include this expression just to show the connection
between Shannon entropy and mutability. The frequencies
generated by WLZIP and stored in the ninth column yield
the Shannon entropy for the T sequence. However, we omit
an additional column listing those frequencies, as we already
illustrated this process for magnitudes, and we will not calcu-
late Shannon entropy this time.

V. RESULTS AND DISCUSSION

We now present results on mutability and diversity for the
magnitude series and intervals t. The reason to prefer T over
L here is the larger number of significant digits of the former.

The results are presented dynamically using overlapping
time windows of R consecutive events. The overlap is just
one event. We use R = 256 as it is justified in Appendix C.
This number of records was already used in previous seismo-
logical studies [41], which can allow for comparison. Smaller
windows yield noisier curves, while larger windows lose an-
ticipation.

The analysis by entropic functions begins with Fig. 5,
presenting the dynamical mutability on magnitude sequences.
The real time for the result is the time of the last seism of each
time window. Special symbols at the top denote important
earthquakes and the insets define them.It is clear that muta-
bility on magnitudes maximizes at the time of a large seism,
since the large quake and its important aftershock response
break the previous monotony. However, the different zones
differ in their tendencies. In Alaska, before large seismic
events, the average ¢ slowly decreases; however, mutability
returns to its previous values afterward. California shows no
significant overall variations. With Iquique, the mutability
goes through a broad minimum near 2011-2012, a couple
of years before the major quakes. Unfortunately, not enough
seisms are available in the IPOC catalog prior to the 2010
earthquake to discuss the foreshock process in Maule. On the
other hand, the absolute minimum observed at the beginning
of 2021 during the aftershock response differs from the af-
tershock regime in the other regions and invites watching the
future evolution of this area.

Absolute values of mutability are different among the
zones. Iquique reached the maximum mutability of about
0.72, showing a wide range of magnitudes following the 8.1
earthquake. California exhibits a minimum of about 0.53,
consistent with the region’s lower seismic activity. Probably,
this tells about the underground conditions prevailing that
trigger the quakes, but this does not allow for comparison
among the different zones. Figure 6 presents the results of
mutability based on intervals () sequences for the four zones
using the same previous scheme. The major earthquakes are
clearly marked as downward “needles” at the corresponding
times. However, more texture is observed in these curves as
compared to those of the previous figure. Even for California,
where no obvious patterns were possible in Fig. 5, we now
observe secondary seisms in 2014, in 2020, and in 2024.
The vertical span on all plots of Fig. 6, covering an order of
magnitude, allows for better characterization of the different
regimes in each zone. Another interesting feature of these
curves is the narrowness of the needles, perfectly marking the
most important earthquakes.
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FIG. 5. Mutability on magnitude for the four seismic sequences corresponding to the four regions: Alaska, California, Iquique, and Maule.

We switch now to the diversity curves for the same pre-
vious data. Figure 7 presents the dynamical diversity § with
windows of 256 consecutive events, as in previous plots. The
major earthquakes appear as upward needles at the corre-
sponding time. All curves display texture, but some noise is
evident. Alaska and Iquique showed lower values of § years
or months before the large earthquake. Nothing of this sort
is to be found for California and it is impossible for Maule
because of the lack of prior data.

Figure 8 presents the application of diversity to the interval
sequences using time windows comprising 256 events, where
the largest seisms produce clear, narrow needles. This visual-
ization reveals other important seisms in the sequences, such
as the 2016 Alaska earthquake, the 2020 and 2024 Califor-
nia earthquakes, and the 2010 Iquique earthquake. Actually,
scrutiny of the data allows us to interpret broad minima as
possible swarms of intermediate seisms.

VI. CONCLUSIONS

Intervals t between successive seisms within a geographi-
cal region offer an alternative and complementary information
to what magnitudes M can offer. As M gets monotonically
smaller, T gets larger. This agrees with the subduction model:
as plates collide or stick, the slower sliding mechanism in-
creases the time between successive earthquakes.

The four geographical regions rendered Gutenberg-Richter
linear decays over five or six orders of magnitude, thus al-
lowing for statistical treatments. The b values increase in
the following order: Alaska (0.655), Iquique (0.711), Maule
(0.787), and California (0.864). This shows an increasing
correlation among earthquakes from Alaska to California;
however, the Maule case might change if the catalog included
a more complete set of foreshock records.

To avoid comparing direct intervals with a logarithm-
defined parameter like magnitude, we defined latency as the
logarithm of 7. Then the dynamical comparison between mag-
nitude and latency provided a very interesting result: these
magnitudes vary synchronically but in opposite senses. Thus,
as average values of the magnitude increase for a large earth-
quake, the average value of the latency decreases. This feature
provides a very graphical picture of the seismic dynamics.
Interestingly, the latency curves present more details or texture
than the corresponding magnitude curves.

Dynamical mutability curves on the magnitude series
present sharp maxima at the time of the large earthquakes.
Oscillatory decays follow them during the aftershock regimes.
Periods with several moderate seisms (eventually swarms)
appear as broad, small maxima. A search for premonitory
signs provides no clear findings. We could consider the ab-
solute minima months or years before large earthquakes as
a possible warning in some cases. However, this is far from
being a precursor and this subject needs further investigation
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FIG. 6. Mutability on intervals for the four seismic sequences corresponding to the five regions: Alaska, California, Iquique, and Maule.
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The time of the main earthquakes is indicated by symbols defined in the insets.
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The time of the main earthquakes is indicated by symbols defined in the insets.

in different geographical areas. The Maule region does not
allow for this detailed analysis because of catalog limitations.

The dynamical mutability curves for intervals confirm
previous features. Large earthquakes produce sharp, deep
minima. However, even seismic events of magnitude over 5.0
show moderate sharp minima. Here, the aftershock regimes
produce oscillatory increases of mutability. Premonitory signs
are even more difficult to find in the case of intervals.

Diversity on magnitudes confirms results obtained by
mutability, except that curves look discontinuous because di-
versity counts the number of different values within the R
window, which is a discrete variable. Diversity curves present
slightly more texture than mutability curves.

Diversity curves produce sharp, deep minima for inter-
vals. Even moderate earthquakes and sequences of seisms
(like swarms) are readily recognizable in the sequences. The
aftershock activity shows clearly as oscillatory ascents ap-
proaching values close to those of previous major earthquakes.
However, in none of the regions did the prior activity fully
recover. With Iquique, the catalog does not allow this analysis.

Summarizing, the application of entropic analysis on inter-
vals produces a clearer separation between large and moderate
earthquakes, as well as characterizes sequences (swarms) of
moderate earthquakes.
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APPENDIX A

Shannon entropy follows the well-known relationship give
by Eq. (11), where in our case the probabilities are obtained
from a histogram originating in a data set. Such a histogram
is independent of the sequence, namely, independent of the
dynamics of the system.

Similarly, diversity is also independent of the dynamics
since it only counts the original number of records p and
the number of different records p*. Then, Eq. (9) is invoked
to calculate diversity. It has been shown that diversity is an
entropic functional based on two Shannon entropies [48].

So although Shannon entropy and diversity can be formally
related, they are calculated in completely different ways and
reflect different sensitivities as it can be appreciated in Fig. 9.

On the contrary, mutability is based on the “maps” illus-
trated in the fourth and last columns of Table II. Such maps
are clearly dependent on the way values repeat themselves
in the sequence; hence they reflect the dynamics. Moreover,
with these maps mutability can recover the original file which
neither Shannon entropy nor diversity can do.
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Figure 9 shows that the three functions recognize the major
earthquakes of Alaska as downwards “needles.” However,
Shannon entropy presents less texture than the other two.
Scales have been adjusted so the three curves present the same
vertical maximum span. Prior to the earthquake of 2016 Shan-
non entropy is almost flat while diversity presents the largest
oscillations. With the quake, diversity reaches the minimum
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FIG. 10. One-loop flow chart to build the maps of Table II.

in a more pronounced way. During the aftershock to the 2016
earthquake Shannon entropy recovers fast to the foreshock
level, while the other two functions (especially diversity) take
longer to recover, thus giving information on this process.
Similar observations hold for the huge seismic activity of
2020, 2021, and the still lasting aftershock activity.

APPENDIX B

In the present appendix, we present the algorithm of infor-
mation recognition WLZIP. This algorithm has been previously
offered free of charge to the interested scientists and it is
offered here once again by the authors. The package includes
the code, a manual, and an example to facilitate its operation.

The purpose is to build the “maps” of the data as presented
in Table II. We concentrate here on the magnitudes since this
process can be easily extended to the intervals. Figure 10
presents the logic of WLzIP in the form of a flux diagram.
The starting point is the original file F with the R equivalent
measurements. It is important that all records here possess the
same number of digits, writing zeros in all possible empty
spaces. A new file G is created with one row for each different
value in F. The row is initiated with the measured value; after
a space we will have the position indices for this value in the
original file as described in the flux diagram.

APPENDIX C

In this appendix, we test the sensitivity of mutability for
both magnitudes with the number R of consecutive events. We
concentrate here on R = 128 and R = 256 (which was used
in all previous figures). A more complete discussion on this
subject can be found in Pasten ef al. [39]. Figure 11 shows
Shannon entropy and mutability for the data of Alaska with
just one difference: the size of the number of consecutive
events used to calculate these functions. Scales have been
adjusted as to give the same vertical span for better compar-
ison. Both time windows give similar description; however,
there are the following differences. (i) Curves are noisier
(frequent oscillations) for R = 128. Actually, this is even more
pronounced for R = 64 and lower (not shown). (ii) Contrasts
between maxima and minima are better appreciated for R =
256, especially for mutability. (iii) Although increasing R to
512 increases the advantage of larger R values (not shown
here), the time delay to gather the R events keeps increasing,
needing years during the foreshock regime. So we settled for
R = 256 as a compromise between contrast in the curves and
recent information.
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