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h i g h l i g h t s

• Natural time reveals precursory order parameter fluctuations in Mexico’s seismicity.
• The entropy change under time reversal minimizes 3 months before the M8.2 earthquake.
• The M8.2 quake occurred in a region where the probability for extreme events was highest.
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a b s t r a c t

A widespread opinion appears to prevail that the two recent deadly Mexico earthquakes,
i.e., M8.2 on 7 September 2017 and M7.1 on 19 September 2017, in Chiapas and Morelos
regions, respectively, had an unusual cause. Here, upon considering the analysis of seis-
micity in the new time domain termed natural time, we show that the occurrence of the
M8.2 earthquake, which is Mexico’s largest earthquake in more than a century, should
not be considered unexpected. In particular, this analysis revealed well in advance that
in Chiapas region, where the M8.2 earthquake occurred, the probability for the occurrence
of an extreme event was the highest compared to other regions in Mexico. Furthermore,
in this region, the investigation of the entropy change of seismicity under time reversal
identified that almost 3months before the occurrence of thismajor earthquake, an extreme
event was likely to take place there.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The magnitude M8.2 earthquake that struck the Mexico’s Chiapas state on 7 September 2017 is Mexico’s largest quake
in more than a century. It left dozens dead and destroyed or severely damaged the homes of 2.3 millions or more. Most big
Mexican earthquakes occur right along the interface between subducting Cocos plate and North American plate. But in this
case the earthquake occurred within the Cocos plate itself (Fig. 1). The rupture began at 70 kilometer depth and rose up
before stopping at about 40 kilometer depth, likely at the plate interface [1]. Some seismologists say this type of faulting
would not produce such large earthquakes [2] and this is why they characterize it as an ‘‘extremely strange’’ event [1].
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Fig. 1. A vertical cross-section of the Mexican flat-slab (along the direction AB shown in the inset, the position of point A is also shown on the upper
horizontal axis) based on Refs. [5,42] together with the projection of the hypocenters of the two earthquakes on 7 September (red) and 19 September
2017 (yellow). The cyan surface depicts the oceanic crust while the magenta one the oceanic lithosphere. In the inset, we depict the epicenters of the two
earthquakes superimposed on the ESRIWorld Imagery BaseMap available from https://worldmap.harvard.edu/maps/new. The gray star showsMexico city
whereas point A is at Acapulco. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Almost 12 days later, a M7.1 earthquake struck central Mexico on 19 September, killing more than 300 people and
reducing buildings to rubble in the States of Puebla, Morelos and Guerrero, as well as in Mexico City. This second quake
occurred at 57 km depth [3] also within the Cocos plate near the northern limit of the Mexican flat-slab [4,5] (see Fig. 1),
where it begins to plunge beneath the North American plate, with its epicenter about 120 kilometers from Mexico City and
650 kilometers fromChiapas’M8.2 earthquake [3]. In short, the two quakes happened at two different spotswithin the Cocos
tectonic plate and surprised seismologists [6].

It is themain scope of this paper to show that the occurrence of the aforementionedM8.2 earthquakewas not unexpected
through analyzing the seismicity in the framework of a new time domain termed natural time χ .

2. Natural time analysis. Background

For a time series comprising N events, we define an index for the occurrence of the kth event by χk = k/N , which we
term natural time. In this analysis [7,8], we ignore the time intervals between consecutive events, but preserve their order
and energy Qk because we consider that these two quantities are important for the evolution of the system. We, then, study
the pairs (χk,Qk) by using the normalized power spectrum Π (ω) ≡ |Φ(ω)|2 defined by Φ(ω) =

∑N
k=1pk exp(iωχk), where

ω is an angular frequency and pk = Qk/
∑N

n=1Qn is the normalized energy for the kth event, in view of the property of Φ(ω)
explained below. Upon the occurrence of any additional event, χk is ‘‘rescaled’’ as natural time changes to χk = k/(N + 1)
together with rescaling pk = Qk/

∑N+1
n=1 Qn . In the analysis using natural time, the behavior of Π (ω) is studied at ω close to

zero for capturing the dynamic evolution, because all the moments of the distribution of the pk can be estimated from Φ(ω)
at ω → 0 (see p. 499 of Ref. [9], see also pp. 128–130 of Ref. [7]). For this purpose, a quantity κ1 is defined from the Taylor
expansion

Π (ω) = 1 − κ1ω
2
+ κ2ω

4
+ · · · , (1)

where

κ1 =

N∑
k=1

pkχ2
k −

(
N∑

k=1

pkχk

)2

, (2)

This quantity, which is equal to the variance of natural time, i.e., κ1 = ⟨χ2
⟩−⟨χ⟩

2, is a key parameter that plays an important
role in analyzing seismic catalogs [7] for the reasons that will be explained in detail in Section 4. As shown in Ref. [10], at
least 6 earthquakes are needed for obtaining one reliable κ1 value (see also Eq. (2.91) of Ref. [7] where at least six events are
needed to differentiate a constant time series, i.e., Qk = const. that leads to κ1 = (1 − 1/N2)/12, from the critical behavior
observed for Seismic Electric Signals, SES, see Section 4.2, forwhich κ1 < 0.08 according to Eq. (4.37) of Ref. [7]). Natural time
analysis when combined with the non-extensive statistical mechanics [11], pioneered by Tsallis [12], enables a satisfactory
description of the fluctuations of long term seismicity [13].

The entropy S in the natural time domain is defined [14] as

S = ⟨χ lnχ⟩ − ⟨χ⟩ ln⟨χ⟩, (3)
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where the bracket ⟨f (χ )⟩ =
∑N

k=1pkf (χk) stands for the average value of f (χ ) weighted by pk, i.e., ⟨χ lnχ⟩ =
∑N

k=1pk(k/N)
ln(k/N) and ⟨χ⟩ =

∑N
k=1pk(k/N). It is dynamic entropy depending on the sequential order of events [15]. The entropy

obtained by Eq. (3) upon considering [16] the time-reversal T̂ , i.e., T̂ pk = pN−k+1, is labeled by S−, i.e.,

S− =

N∑
k=1

pN−k+1
k
N

ln
(

k
N

)
−

(
N∑

k=1

pN−k+1
k
N

)
ln

(
N∑

k=1

pN−k+1
k
N

)
. (4)

It was found [16] that, in general, S− is different from S, and hence S shows the breaking of the time-reversal symmetry. The
difference S − S− will be hereafter labeled ∆S; this may also have a subscript (∆Si) meaning that the calculation is made (for
each S and S−) within a window of length i (= number of successive events), i.e., at scale i see also Section 3. The physical
meaning of ∆S has been studied [7,17] using the distribution P(χ; ϵ) = 1+ ϵ(χ − 1/2) which replaces pk when considering
a continuous variable χ ∈ (0, 1] instead of χk. Small |ϵ|(< 1) represents an increase (ϵ > 0) or decrease (ϵ < 0) of Qk when k
increases, thus reflecting the effect of small linear trends in Qk. It can be shown [7] that∆S(ϵ) = ( 6 ln 2−5

36 )ϵ +O(ϵ3) leading to
the conclusion that a small increasing trend leads to negative∆S and vice versa. In addition it has been shown [7] that∆Si, is
probably a key measure which may identify when the system approaches the critical point (dynamic phase transition). For
example,∆Si has been applied [17] for the identification of the impending sudden cardiac death risk (see also subsection 9.4.1
of Ref. [7]) as well as provides an estimate of the time of its occurrence. (Sudden cardiac death — which may be considered
as a dynamic phase transition remains a major cause of death in industrialized countries [18–20].) Furthermore, it has been
found that ∆Si provides a useful tool [21] (see also subsection 8.3.4 of Ref. [7]) to investigate the predictability of the Olami–
Feder–Christensen (OFC)model for earthquakes [22], which is probably [23] themost studied non-conservative, supposedly,
self-organized criticality (SOC) model (see also [24]). It originated by a simplification of the Burridge–Knopoff spring-block
model [25] bymapping it into a non-conservative cellular automaton, simulating the earthquake’s behavior and introducing
dissipation in the family of SOC systems. In particular, we found that the value of ∆Si exhibits a clear minimum [7] (or
maximum if we define [21] ∆S ≡ S− − S instead of ∆S ≡ S − S− used here) before large avalanches in the OFC model, thus
this minimum provides a decision variable for the prediction of a large avalanche which corresponds to a large earthquake.

3. Data and analysis

The seismic data analyzed come from the seismic catalog of theNational Seismic Service (SSN) of theUniversidadNacional
Autónoma de México ( www.ssn.unam.mx). To assure catalog completeness a magnitude threshold has been imposed (see
also next Section). Since in natural time analysis Qk should be [7,8] proportional to the energy emitted during the kth
earthquake of magnitudeMk, we assumed Qk ∝ 101.5Mk [7].

In order to estimate the probability density function (PDF) P(κ1) of the κ1 values in an earthquake catalog, the following
steps are taken [7]: Starting from the first event in the catalog, we considered windows of 6 to 40 consecutive events and
estimated the corresponding κ1 values. Starting from the second event, the calculation of the corresponding κ1 values for 6
to 40 consecutive events has been repeated and so on until the end of the earthquake catalog. This way we obtain a large
number of κ1 values (c.f. when the earthquake catalog comprises of N ′ events, in total (N ′

−39)×35 κ1 values are obtained)
that enable us to determine their PDF P(κ1) by using standard procedures, e.g., the computer programhistogram of Ref. [26].

Concerning the calculation procedure for the key quantity of the entropy change under time reversal, a window of length
i (= number of successive events) is sliding, each time by one event, through the whole time series. The entropies S and S−,
and therefrom their difference ∆Si, are calculated each time. Thus, we form a new time series consisting of successive ∆Si
values and search for their extrema which precede the occurrence of a phase change.

4. Results obtained from natural time analysis of seismicity in Mexico

Below, in the first Section 4.1, we summarize the results emerged from the study of the main features of the PDF P(κ1) of
the κ1 values of seismicity, while in the second Section 4.2 we show that in the frame of natural time analysis of seismicity
the investigation of the entropy change under time reversal reveals an estimate of the occurrence time of the impending
M8.2 earthquake well in advance.

4.1. Results emerged from the features of the PDF P(κ1) of the κ1 values of seismicity

Earthquakes exhibit complex correlations in time, space and magnitude which have been studied by several authors
[27–33]. The observed earthquake scaling laws (e.g., [34]) are widely accepted to indicate the existence of phenomena
closely associated with the proximity of the system to a critical point, e.g., [35]. Taking this view that earthquakes are critical
phenomena (where a mainshock is the new phase), the quantity by which one can identify the approach of a dynamical
system to the state of criticality is termed order parameter. This parameter in the frame of natural time analysis of seismicity
is [10] just the quantity κ1 mentioned in Section 2, as explained in detail in Ref. [10] as well as in pp. 249–254 of Ref. [7]. P(κ1)
is constructed by computing the κ1 values from a natural time window (number of events) sliding through seismic catalogs
as described in the previous section. The following two key properties have been shown [7,10]: First is the universality: For
different seismic areas σP(κ1) versus (µ − κ1)/σ -where µ stands for the mean of the κ1 values and σ for their standard

http://www.ssn.unam.mx
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Fig. 2. (Color online) Map showing the six seismic regions studied in Ref. [36].

deviation)- fall on a universal curve which is non-Gaussian (in other words, when studying the order parameter fluctuations
of seismicity relative to the standard deviation of its distribution, we find that the scaled distributions of different seismic
areas fall on the same non-Gaussian universal curve ) [10]. This curve has a left exponential tail whichmeans that an extreme
fluctuation may be orders of magnitude more probable than it would be if Gaussian statistics were valid pointing to the
existence of extreme events (cf. see Fig. 5 that will be discussed later in which the value (µ − κ1)/σ = −3.5 for example
corresponds to the value σP(κ1) ≈ 10−6.4 for a Gaussian distribution (blue curve) while it increases to σP(κ1) ≈ 10−4.3

for the non-Gaussian distribution depicted by the red curve). Remarkably, such an exponential tail has been also observed
in certain critical systems (e.g., 2D Ising, 3D Ising, 2D XY etc.) (see Ref. [10] and references therein). Second, the PDF P(κ1)
versus κ1 before large earthquakes exhibits a bimodal feature. For example, before the Landers M7.3 and before the Hector
Mine M7.1 that occurred in Southern California in 1992 and 1999 such a feature appeared (see pp. 274 and 278 of Ref. [7]).
Qualitatively similar bimodal feature is also found for temperatures just below the critical temperature TC in several critical
models (see p. 260 of Ref. [7]).

Restricting ourselves to the case of Mexico, the seismicity has been studied in natural time by Ramírez-Rojas and Flores-
Márquez in Ref. [36] in the six tectonic regions Baja California (BC), Jalisco–Colima (J), Michoacán(M), Guerrero (G), Oaxaca
(O) and Chiapas (CH) of the Mexican Pacific Coast shown in Fig. 2 (the selection of these areas is based on tectonic and
geological grounds discussed in Ref. [36]). This study has revealed that only for earthquakes in the three regions CH, G and
O out of the six a bimodal feature appears in the PDF P(κ1) versus κ1 (see their Fig. 3a), thus being candidate areas for the
occurrence of large earthquakes. Among these three regions the first one, i.e., CH, the PDF P(κ1) vs κ1 of which is depicted
in Fig. 3, has the highest probability for an extreme fluctuation (large earthquake) as can be seen by comparing their left
exponential tail of the σP(κ1) versus (µ − κ1)/σ plot given in Fig. 4, where the results of all six regions are shown while
the corresponding results for the CH region can be better visualized in Fig. 5. These results reveal that in principle extreme
events, i.e., largemagnitude earthquakes, in the Chiapas regionhave been expected from thenatural time analysis.We clarify,
however, that the important point here is the strong relation between the criticality shown by the natural time analysis and
the occurrence of this large earthquake rather than the ‘‘strangeness’’ of this earthquake in the following sense: Although
the natural time analysis would have suggested extreme events in the relevant region, it was apparent that the ‘‘extreme’’
could not correspond to the ‘‘strangeness’’ which seismologists may struggle against, e.g., giant intraplate normal fault.

4.2. Results obtained from the study of the entropy change of the seismicity under time reversal

Aiming at identifying the occurrence time of the major earthquake that struck the Chiapas region, we studied the time
evolution of ∆Si for a number of scales i of the seismicity with M ≥ 3.5 occurring in this area during the almost six year
period 2012–2017. The selection of proper scales i was based on the following grounds: Since ∼ 11, 500 earthquakes
(M ≥ 3.5) occurred in this area from 1 January 2012 until the occurrence of the M8.2 earthquake on 7 September
2017, we find an average of around 170 earthquakes per month. We now consider that recent investigations by means
of natural time analysis revealed that the fluctuations of the order parameter of seismicity exhibit [37] a minimum labeled
βmin when a series of precursory low frequency (≤ 0.1 Hz) electric signals, termed SES activity (e.g., see [38] ) initiates.
(The lead time of SES activities ranges from a few weeks up to around 5.5 months [7].) While this minimum is observed
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Fig. 3. The PDF P(κ1) versus κ1 for the region CH (red) during the period 1974–2012 along with the corresponding PDF P(κ1) versus κ1 (blue) for the same
region during the subsequent period 2012–2016. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 4. (Color online) Plot of σP(κ1) versus (µ − κ1)/σ for each of the six seismic regions studied in Ref. [36].

Fig. 5. Plot of σP(κ1) versus (µ − κ1)/σ found in Ref. [36] for the Chiapas region (red). The thin blue line corresponds to a Gaussian distribution and has
been drawn as a guide to the eye. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

during a period in which long range correlations prevail between earthquake magnitudes, another stage appears before
βmin in which the temporal correlations between earthquake magnitudes exhibit the distinctly different behavior, i.e., an
evident anticorrelated behavior [39]. This significant change between these two stages in the temporal correlations between
earthquake magnitudes is likely to be captured by the time evolution of ∆Si, and this is why we start here the presentation
of our study of ∆Si from the scale of i ∼ 103 events (i.e., around the maximum lead time of SES activities). Thus, we plot in
Fig. 6a, b, c, d, e, and f the ∆Si values versus the number of events for the scales i = 103, 2× 103, 3× 103, 3.5× 103, 4× 103

and 5 × 103 events, respectively. Furthermore, for the readers’ convenience we also plot in Fig. 7 the values of ∆Si versus
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Fig. 6. (Color online) Plot of ∆Si values versus the number of events. Panels a, b, c, d, e, and f correspond to the scales i = 103, 2 × 103, 3 × 103, 3.5 ×

103, 4 × 103 and 5 × 103 events, respectively, when analyzing all earthquakes with M ≥ 3.5. The vertical lines ending at circles depict the earthquake
magnitudes which are read in the right scale.

the conventional time. Figs. 6 and 7 show that, while at shorter scales a number of (local) minima appear, at longer scales,
i.e., i = 3 × 103, 3.5 × 103, 4 × 103 and 5 × 103 events, a pronounced minimum becomes evident in Fig. 7 at the date 14
June 2017 (this date can be better visualized in the zoom provided in Fig. 8, which has been plotted only for the period 27
May 2017 to 1 July 2017) which signals that after this date a major event is impending, in a strikingly similar fashion as
in the OFC model (see Fig. 8.12 in p. 361 of Ref. [7]). Actually on 7 September 2017, i.e., almost after 3 months, the M8.2
earthquake struck the Mexico’s Chiapas state. Such a lead time is of the same order of magnitude with that observed for
SES activities and with that of βmin identified before all M≥ 7.6 earthquakes in Japan during the period from 1 January 1984
until the occurrence of the M9 Tohoku earthquake on 11March 2011(note that for this earthquake natural time analysis has
been successfully applied to precursory ultra low frequency magnetic field variations [40]). We also note that the date 14
June 2017 of the minimum remains invariant upon changing either the magnitude threshold (e.g., see the results obtained
in Fig. 9 for M ≥ 4.0 instead of M ≥ 3.5 in Fig. 7) or the scale i for values 3 × 103 events or longer. Such values for the
scale do not seem unreasonable if we recall that we have on average 170 earthquakes per month and in addition that there
is a widespread belief that the earthquake preparation process starts years before the occurrence of large earthquakes of
magnitude 8 or larger (e.g., [41]).
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Fig. 7. (Color online) Plot of ∆Si values versus the conventional time. Panels a, b, c, d, e, and f correspond to the scales i = 103, 2 × 103, 3 × 103, 3.5 ×

103, 4 × 103 and 5 × 103 events, respectively, when analyzing all earthquakes with M ≥ 3.5. The vertical lines ending at circles depict the earthquake
magnitudes which are read in the right scale.

Fig. 8. Plot of ∆Si values versus the conventional time during the period 27 May 2017 to 1 July 2017. The various continuous lines correspond to the scales
i = 103, 2×103, 3×103, 3.5×103, 4×103 and 5×103 events when analyzing all earthquakes withM ≥ 3.5. The points connected with lines result from
the natural time analysis of all earthquakes with M ≥ 4.0 and correspond to the scales i = 250(red), 500 (green), 750 (blue), 875 (magenta), 1000 (cyan)
and 1250 (yellow) events as in Fig. 9. The vertical line ending at circle depicts the earthquake magnitude which is read in the right scale. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. (Color online)Plot of ∆Si values versus the conventional time when analyzing all earthquakes withM ≥ 4.0. Since the number of earthquakes with
M ≥ 3.5 is approximately four times larger than that for M ≥ 4.0, the scales i presented here are smaller by a factor of 4 compared to Fig. 7, and hence
panels a, b, c, d, e, and f correspond to the scales i = 250, 500, 750, 875, 1000 and 1250 events, respectively. The vertical lines ending at circles depict the
earthquake magnitudes which are read in the right scale.

5. Summary and conclusions

By employing natural time analysis and studying the fluctuations of the order parameter κ1 of seismicity in six tectonic
regions of theMexican Pacific coast, the following two key properties emerge in the Chiapas region: First, the P(κ1) versus κ1
plot has a bimodal feature, which signals a forthcoming large earthquake. Second, the feature of the σP(κ1) versus (µ−κ1)/σ
plot is non-Gaussian having a left exponential tail. This reflects that the probability for the occurrence of an extreme event
is larger by orders of magnitude than it would be if Gaussian statistics were valid. These two key properties seem to support
the conclusion that the occurrence of a rare event in this region should not be considered unexpected.

In addition, as far as the occurrence time is concerned, we find that the entropy change under time reversal of the
seismicity in the Chiapas area exhibited a clear minimum on 14 June 2017, thus signaling that a major event was impending
there as actually happened almost three months later with the occurrence of the M8.2 earthquake on 7 September 2017.

We clarify that the latter minimum on 14 June 2017 of the entropy change under time reversal resulted from the natural
time analysis of seismicity solely in the Chiapas region, thus it is related with the M8.2 earthquake on 7 September 2017.
Similarly, as for the aforementioned key properties, i.e., non Gaussian feature of the σP(κ1) versus (µ − κ1)/σ plot having
a left exponential tail and the bimodal feature of the PDF P(κ1) versus κ1 plot, they have been found both to be obeyed
by analyzing the seismicity in natural time in the Chiapas region, thus they are associated with the large earthquake that
occurred in this region on 7 September 2017.
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