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Abstract

In this paper, we examine both the sequence and organisation of major shal-
low earthquakes occurred in various areas of the world from 1904 to 2017. We
aim to describe their major features and how they are connected with fore-
shocks and aftershocks immediately close in time and space. Examining mag-
nitude value’s fluctuations over time, we see that they form a basic pattern,
consisting of three maxima, one of which is central, and two or more events
preceding and following it, whose magnitude, in some cases, may be compa-
rable. The retrospective analysis of earthquakes’ patterns of high comparable
magnitude has allowed their classification along with the development of
some statistically significant relationships between epicentral distance and
magnitude difference and between time interval and delay among maxima as
well as the identification of activation signals predicting their occurrence. The
pattern we identified in seismic sequences analysis, in relation to minor
shocks-generated activation signals’ positions may be used to obtain useful
information for the evolutionary study of seismic sequences and for predict-
ing double and multiple earthquakes. The graphic analysis procedure applied
to the pattern enables us to know the period of seismic sequence’s greatest
hazard after a strong earthquake.

Keywords

Double Earthquakes, Microsequence, Foreshock, Mainshock, Pattern,
Seismicity Fluctuation Prediction

1. Introduction

Moderate and strong earthquakes may be preceded and followed by events of

comparable magnitude forming a pattern only slightly different from the typical
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foreshocks-mainshock-aftershocks sequence (FMA).

The term Doublet Earthquakes (DEQ) is related to two seismic events show-
ing similar magnitude and localisation values, and occurring after a short delay
[1] [2]. DEQ are especially frequent in seismic areas featuring large asperities [3]
and may occur along the same fault or a different fault. They may happen a few
seconds or minutes after the first shock, or even weeks or months later.

Previously performed studies classify as DEQ two earthquakes whose magni-
tude difference does not exceed 0.2 units, spatial separation is less than 100 km
and time separation is a few years [3] [4].

DEQ’s trigger mechanism is still not clear, but a possible explanation for
their occurrence is that the first shock increases the static stress in the crusted
adjacent volumes, which show different conditions, resistance and asperities
[5]-[10]. In fact, asperities’ fracture along a fault plane is a heterogeneous
phenomenon, where the breaking of one of them gives rise to tensions along
adjacent asperities.

In areas featuring large asperities having similar thickness, increases in stress
are high and trigger the breaking of adjacent asperities, thus producing a se-
quence of two distinct earthquakes although with similar magnitude [3].

Asperities distribution is a simple pattern explaining the occurrence features
of large earthquakes in many subduction areas [11].

Alternatively, the triggering of the second earthquake along the second fault
may result from breaking propagation up to the end of the first fault [12] [13].
From statistical point of view, it has been shown that FMAs and DEQ are caused
by the same physical process, consisting in a single activation mechanism [14].

DEQ occur across the world and unquestionably are a significant phenome-
non related to the evaluation of the seismic hazard after a big event.

Their impact on buildings and infrastructures damaged during the first event
may be greater during the second event and poses a danger to rescue teams after
the first earthquake as well.

Using the FMA scheme, in this study we implemented a graphical approach to
analyse strong individual earthquakes (EQ) and DEQ, obtain information on
seismic sequence development over time, predict the magnitude of the second
DEQ event and define activation signals before their occurrence.

The information obtained can be used to define seismic sequence’s highest
hazards after a strong EQ and plan all actions required for persons and struc-

tures’ safety to limit the damage.

2. Methodology

Observations of numerous seismic sequences have highlighted that inside them
it is possible to detect patterns that may be described as warning signals for the
most energetic shock. Theoretically, the seismic patterns that develop before an
energetic event contain a series of information that allows, in some cases, to pre-

dict the shock’s energy, days to weeks early by their temporal development.
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The analysis of historical earthquakes’ seismic sequences and, especially, of
seismic patterns consisting of magnitude values’ fluctuations, identifies three
types of shocks:

Foreshocks: premonitory shock;

Mainshock: primary shock—often single but sometimes multiple;

Aftershocks:

The preparation process that leads to the nucleation of large earthquakes
usually is longer compared to smaller earthquakes’: this is also supported by the
branched structure that in stronger earthquakes shows greater hierarchisation
[15].

We also noted that some EQs are sometimes preceded by minor premonitory
shocks, called foreshocks, which create specific short and medium-term patterns
characterized by upward trend and higher development rate. Foreshocks may
occur individually or in groups, while the time of occurrence between the last
foreshocks and the main shock varies from a few hours to a few months de-
pending on their order within the sequence [16].

Usually, first order foreshocks are followed by an aftershocks sequence that
delays the main event occurrence, while in second order foreshocks, aftershocks
are almost absent. The main shock (mainshock) has greater magnitude and is
always followed by a series of lower magnitude shocks (aftershocks), lasting
from a few weeks to some years, depending on mainshock magnitude. After-
shocks usually form a downward sequence, consisting of subsequent energy ac-
cumulation and release phases [15] whose intensity is lower compared to main
event’s.

In principle, FMA sequence shows that an earthquake may generate other
earthquakes that tend to cluster over time to form a premonitory pattern ac-
cording to predetermined rules, such as TT-7S [17]. In its simplified form, this
pattern consists of a central maximum, mainshock (M) and two secondary side
maxima, foreshock (F) and aftershock (A).

By observing magnitude values fluctuations within the seismic sequence, we
note that during the energy accumulation phase, pattern TT-7S it is repeated
over time with greater frequency, while in the energy release phase it appears as
a strong fluctuation of magnitude values.

FMA pattern develops over a more or less short period and may feature some
variations including multiple events of the same type that may be close in time
and space (DEQ). Figure 1 shows FMA patterns as dashed, red color rectangles
and some variations that are formed during seismic sequence development.
Green circles indicate the maximum F, while red and yellow circles, indicate the
maximum M and A, respectively. As can be seen, maximum M is the most ener-
getic in FMA pattern, while maximum F and A have a smaller magnitude.

In Figure 2, the dashed red line joining the minimum points in FMA pattern
is the transition line that provides information on the pattern completion and

dynamic magnitude values of the most energetic aftershocks [18]. In the event
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Figure 1. FMA pattern fluctuations and its possible variations.
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Figure 2. The dashed red line indicates the transition line; the dotted green line shows the
aftershock phase’s trend line, red and yellow triangles stand for activation signals.

that the second minimum’s magnitude is lower than the first’s, we should draw
the transition line from the first to third maximum (A), and update it if greater
magnitude maxima are formed (Figure 7(a) and Figure 7(d)).

FMA pattern organisation in space, in time and magnitude probably is a sin-
gle triggering process as well as a simple tool to distinguish mainshock from
other shocks.

It is assumed that foreshocks’ magnitude values depend on past seismicity and
are placed above the trend line in the aftershocks phase (green dashed line).

As a rule, in this analytical graphic approach, aftershocks are arranged ac-
cording to decreasing minimum and maximum values (downward trend), while

foreshocks are arranged based on increasing maximum and minimum values
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(upward trend) which are observed before major earthquakes.

During FMA formation, it is possible to observe the following development
characteristics:

a) An increase in the number of shocks before the first maximum formation
(F), followed by an aftershocks phase consisting of fewer shocks forming a first
minimum;

b) The formation of the second maximum (M) characterised by a rapid energy
release, and followed, in some cases, by a fast aftershocks phase characterised by
shocks of decreasing magnitude forming a second minimum;

¢) The formation of a third maximum (A) that often cannot exceed the second
maximum’s magnitude value (M), but it is frequently above the first maximum’s
magnitude value (F);

d) The most energetic phase ends when magnitude values fall below the tran-
sition line and, during the subsequent rise, fail to cross it, thus signifying the end
of the increasing maximum and minimum formation as well as FMA pattern
completion;

e) If it is inclined in the ongoing trend’s direction, the transition line has
greater importance in FMA pattern formation. The higher the inclination, the
larger the third maximum’s magnitude (A);

f) The activation signal preceding the second maximum (M) coincides with
microsequence’s fourth shock DB-3SE [15] [17] or with the minimum value in
the aftershocks phase following the first maximum (F);

g) The activation signal preceding the third maximum (A) coincides with the
minimum formed after the second maximum (M).

In some sequences, a precursor pattern forms before the second maximum
(M) formation in FMA pattern, which consists of seven shocks at least with
trend opposite to FMA pattern (Figure 3). This pattern is called Reverse-FMA
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Figure 3. The dashed red line shows the transition line while green and red triangles in-
dicate the activation signals.
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(RFMA), is specular to FMA pattern and usually is formed at the end of magni-
tude values’ upward trend.

Going into details, RFMA pattern development entails the formation of three
minimum (points 2, 4, 6) and four maximum points (1, 3, 5, 7), where the
second and sixth minimum and the third and the fifth maximum show increas-
ing magnitude. In this pattern, if magnitude values do not form the third mini-
mum (point 6), we have the early formation of a fourth maximum (M). In this
case, the transition line is a horizontal line starting from the first maximum
(point 3): the pattern is called early REMA (PRFMA).

This pattern features some minor differences compared to standard FMA
patterns:

1) Magnitude values of points 5 and 6 are usually higher than first and second
minimum’s (points 2 and 4);

2) The transition line joining maximum points 3 and 5 (dashed red line) pro-
vides information on minimum mainshock’s magnitude value (MM) and on
completion of the most energetic phase when magnitude values drop below it;

3) The first activation signal coincides with the second minimum (green tri-
angle), while the second signal coincides with t pattern’s third minimum (red
triangle).

The third maximum magnitude values’ range in FMA pattern can be calcu-
lated drawing from the first maximum (F) the line parallel to the transition line
(dashed red line) by considering the distance between the transition and the pa-
rallel line (red arrow) as the expected magnitude values’ dynamic range (Figure
4(a)).

In principle, after reaching a minimum in the aftershocks phase (point 2),
magnitude values temporarily go back to about 50% of the second maximum
amplitude (M), calculated based on the transition line, before starting descend-
ing again.

In some cases, they increase over 50% by forming two EQ having similar
magnitude (DEQ) while sometimes the magnitude values exceed several times
the transition line before definitely dropping and forming multiple earthquakes
(MEQ).

After the magnitude values’ drop below the transition line, the minimum
magnitude value can be calculated by measuring the distance between main-
shock and transition line (green arrow) and drawing the latter from the breaking
point downwards, perpendicularly to the transition line (Figure 4(b)).

Often the minimum target is reached and exceeded during aftershocks phase.
In this case, it is possible to estimate a second minimum target by projecting
from magnitude value’s transit point below the transition line, in addition to the
second maximum (green arrow) and the first maximum (red arrow) amplitude.

The preliminary range of fourth maximum magnitude values in REFMA (point
7) (Figure 4(c)) can be calculated by drawing from the first maximum (point 1)

a line parallel to the transition line and considering the distance between transition

DOI: 10.4236/0jer.2018.71001

6 Open Journal of Earthquake Research


https://doi.org/10.4236/ojer.2018.71001

G. Riga, P. Balocchi

A
-\ 7 50% A\

Transition line

First target > ‘

Second target

First target

Figure 4. FMA and RFMA patterns and magnitude targets calculation.

and parallel line as the expected magnitude values’ dynamic range. The fourth
maximum magnitude value may also be computed by measuring the distance
between the second minimum (point 4) and the transition line (green arrow)
and projecting the latter from the second maximum (point 5) upwards (red ar-

row).

3. Results

In order to classify DEQ occurred in various parts of the world, we analysed
several seismic sequences using the catalogs of the National Institute of Geo-
physics and Volcanology (INGV) [19] and the U.S. Geological Survey (USGS)
[20]. For each sequence, we examined individual and double earthquakes as well
as changes in foreshocks, mainshock and aftershocks-related activities.

Based on seismicity fluctuation, we identified two earthquakes categories:

1) individual earthquakes;

2) double and multiple earthquakes.

In the first category, the largest shock is easily identifiable because of its

greater magnitude compared to other earthquakes in the sequence.
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Individual earthquakes include the following typologies:

(A) “Progressive Earthquakes” (Figure 5(a)) where a strong earthquake is
preceded by one or more foreshocks of various order, whose epicenter some-
times is close to mainshock’s [20];

(B) “Flash Earthquakes” that are not preceded by foreshocks (Figure 5(b)).

Figure 6 shows FMA patterns (green, red and yellow circles) related to eight
EQs occurred in Italy from 1997 to 2016 along with the transition line (red), ac-
tivation signals (red and yellow triangles) and dynamic magnitude target (black
circles) of the third maximum estimated based on the line parallel to the transi-
tion line (green).

Table 1 reports datasets’ spatial coverage (latitude and longitude), depths and
magnitude values’ range used, and Table 2 displays the information regarding

the shocks between the first (F) and the second maximum (M) in FMA pattern.
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Figure 5. Types of individual earthquake, (a) Progressive earthquakes, (b) Flash earth-
quake. The red star indicates the mainshock, while the green star shows the foreshock.
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Figure 6. FMA patterns of EQs occurred in Italy from 1997 to 2016.
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Table 1. Earthquakes search parameters in INGV catalog.

No EARTHQUAKE LATITUDE LONGITUDE DEPTH MAGNITUDE
1 Colfiorito 44N - 42.7N 14.2E - 11.3E 0-50 20-7.0
2 L’Aquila 43.2N - 41.5N 14.2E - 12.5E 0-50 20-7.0
3 Emilia 45.2N - 44.7N 11.7E - 10.5E 0-50 20-7.0
4 Central Italy 434N - 42.4N 13.7E - 12.6E 0-50 2.0-7.0

Table 2. Time delays and distance of earthquakes occurred between the first maximum (F) and second maximum (M).

No Earthquakes Date Event Lat Long M Date L?:;;Sho‘:k M ,I(‘;Igﬁ}? ;l;y)s Di(sl;cmar;ce
1 Colfiorito (F) 23/09/1997 43.030 12.902 2.8 Md 26/09/1997 5.6 ML 02 05:07 1.60
2 Colfiorito (S) 25/09/1997 43.031 12.878 2.4 Md 26/09/1997 5.6 ML 00 05:04 3.19
3 Colfiorito (F) 26/09/1997 42.996 12.966 3.2Md 26/09/1997 5.8 ML 0001:10 4.50
4 Colfiorito 26/09/1997 43.028 12.867 2.5 Md 26/09/1997 5.8 ML 00 01:00 4.92
5 Colfiorito (S) 26/09/1997 43.030 12.886 2.1 Md 26/09/1997 5.8 ML 00 00:26 3.32
6 Colfiorito 26/09/1997 43.020 12.822 2.2Md 26/09/1997 5.8 ML 00 00:21 8.47
7 Colfiorito 26/09/1997 43.036 12.905 2.8 Md 26/09/1997 5.8 ML 00 00:16 2.17
8 Colfiorito (F) 26/09/1997 43.021 12.901 3.8 Md 26/09/1997 5.8 ML 00 00:07 2.06
9 Colfiorito 26/09/1997 43.018 12.913 5.6 ML 26/09/1997 5.8 ML 00 09:07 1.24
10 L’Aquila (F) 05/04/2009 42.325 13.382 3.9 Mw 06/04/2009 6.1 Mw 00 04:44 1.90
11 L’Aquila 05/04/2009 42.329 13.385 3.5 Mw 06/04/2009 6.1 Mw 00 02:53 1.50
12 L’Aquila (S) 05/04/2009 42.959 13.600 2.3 ML 06/04/2009 6.1 Mw 00 02:36 70.93
13 Emilia (F) 19/05/2012 44911 11.247 4.0 Mw 20/05/2012 5.8 Mw 00 02:50 2.14
14 Emilia (S) 19/05/2012 44.903 11.293 2.2 ML 20/05/2012 5.8 Mw 00 02:21 2.41
15 Emilia (S) 29/05/2012 44.807 11.394 2.0 ML 29/05/2012 5.6 Mw 00 02:03 26.16
16 Emilia 29/05/2012 44.870 11.353 2.6 ML 29/05/2012 5.6 Mw 00 01:26 22.84
17 Central Italy (F) 16/08/2016 43.383 12.771 2.8 ML 24/08/2016 6.0 Mw 07 13:57 84.96
18 Central Italy 16/08/2016 42.832 13.025 2.2 ML 24/08/2016 6.0 Mw 07 05:54 22.65
19 Central Italy (S) 23/08/2016 43.057 12.988 2.0 ML 24/08/2016 6.0 Mw 00 06:48 44.67
20 Central Italy (F) 26/10/2016 42.907 13.116 3.2 ML 26/10/2016 5.9 Mw 00 00:18 1.82
21 Central Italy 26/10/2016 42.889 13.128 3.0 ML 26/10/2016 5.9 Mw 00 00:13 2.22
22 Central Italy (S) 26/10/2016 42.872 13.141 2.2 ML 26/10/2016 5.9 Mw 00 00:05 4.23
23 Central Italy (F) 26/10/2016 42.879 13.157 4.3 ML 26/10/2016 5.9 Mw 00 00:02 4.04
24 Central Italy (F) 30/10/2016 42.791 13.087 2.4 ML 30/10/2016 6.5 Mw 00 00:36 4.96
25 Central Italy 30/10/2016 43.062 13.068 2.1 ML 30/10/2016 6.5 Mw 00 00:24 25.81
26 Central Italy (S) 30/10/2016 42.927 13.029 2.0 ML 30/10/2016 6.5 Mw 00 00:09 12.05
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As can be inferred, each second maximum (M) was preceded by shocks oc-
curred with a maximum delay of about seven days and at a distance less than 85
km. Most activation signals (red triangle) were activated a few minutes before
the second maximum (M), while foreshocks (F) occurred approximately within
seven days of the mainshock (M). FMA pattern completion occurred the mo-
ment when magnitude values dropped under the transition line, while the third
maximum was formed within the dynamic range established by the transition
line and the relevant parallel line drawn from the first maximum.

Earthquake pairs with comparable magnitude are included in the second cat-
egory: one of them is often identifiable due to its greater magnitude compared to
the other.

To recognise and classify large DEQ, from the U.S. Geological Survey (USGS)
catalog we selected 1237 DEQ, whose magnitude was equal to or greater than 6
M, which occurred in various areas of the world from 1904 to 2017.

The criteria we used to select DEQ were: difference in magnitude between the
two events, which should not be greater than 1.0 units and hypocentral depth
that must not exceed 50 km. For each pair of events we determined: time delay,
distance in kilometers and difference in magnitude.

Our analyses highlighted that DEQ pattern has variances that allow us to group

them into the types shown in Figure 7 and Figure 8 and are described below:
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Figure 7. Types of DEQ patterns: (a) FM1, (b) FM2, (c) FM3, (d) MM.
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Figure 8. Types of DEQ patterns: (a) MA3, (b) MA2, (c) MAL, (d) Multiples.

a) DEQ consisting of one foreshock and one mainshock (FM1) separated by
several shocks (Figure 7(a));

b) DEQ consisting of one foreshock and one mainshock (FM2) separated by a
minimum (Figure 7(b));

c) DEQ consisting of one consecutive foreshock and mainshock (FM3)
(Figure 7(c));

d) DEQ consisting of two consecutive mainshocks (MM) (Figure 7(d));

e) DEQ consisting of one consecutive mainshock and aftershock (MA3)
(Figure 8(a));

f) DEQ consisting of one mainshock and one aftershock (MA2) separated by a
minimum (Figure 8(b));

g) DEQ consisting of one mainshock and one aftershock (MA1) separated by
several shocks (Figure 8(c));

h) DEQ multiples (Figure 8(d)).

In the Figure 7 and Figure 8, green, red and yellow stars, indicate the fore-
shock, mainshock and aftershock, respectively, while the dashed red line shows
the transition line.

Figure 9 displays the correlations between distance, difference in magnitude

and occurrence delays of DEQ analysed.
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Figure 9. Correlations between DEQ’s distance, magnitude difference and time delays.
Figure 9(a) shows the correlation between distance and difference in magnitudes of DEQ
with a magnitude >6.0, while Figure 9(b) concerns DEQ 2 7.0. Figure 9(c) shows the
correlation between DEQ (26.0 M) distance and occurrence delay and Figure 9(d) shows
the 3D correlation between DEQ occurrence delay, distance and difference in magni-
tudes.

As can be seen, many DEQ feature a fair close difference in magnitude with
relatively short delays between two pair’s events and occur close to each other.

Going into detail, 54.1% of DEQ shows a difference in magnitude equal to or
less than 0.2 units, 83.6% less than 0.5 units and 93.4% less than 0.7 units. 50.9%
is less than 30 km distant, 73.4% is less than 70 km distant and 81.6% is less than
100 km distant. 56.9% has a delay of less than one day, 81.1 less than three days
and 95.7% less than 10 days. The greatest delay is 145 days.

The average distance is 61.3 km, the average delay 1.93 days and the average
magnitude difference is 0.29 units. 59.7% of DEQ whose difference in magnitude
is 0.2 units has a delay of less than one day, 83.2% less than two days and 96.7%
less than ten days. 50.1% is less than 30 km distant, 72.2% is less than 70 km and
80.0% is less than 100 km.

57.9% of DEQ with a difference in magnitude of 0.5 units has a delay of less
than one day, 81.9% less than three days and 92.5% less than ten days. 50.9% is
less than 30 km distant, 73.4% is less than 70 km and 81.5% is less than 100 km
distant.
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Figure 10 reports percentage frequencies of DEQ occurrence delays and dis-
tances, in relation to <0.2 and <0.5 units differences in magnitude, respectively
(Figures 10(a)-(d)).

Table 3 shows the difference in magnitude, time delay and distance between
some DEQ, whose magnitude in equal to or higher than 7.0 M, occurred from
1904 to 2017 across the world.

Figure 11 shows analised DEQ’s position and highlights that epicenters fall in
the most seismic regions of the world—in some they are more frequent than in
others. The region of the Solomon Islands and south-west Japan are two typical
examples.

DEQ can be difficult to locate a priori, but in certain cases it is possible (pat-
terns FM1, FM2, MA1 and MA2), to obtain the information that can be used to
estimate their magnitude and occurrence time. Indeed, indications about when a
DEQ may be formed, completed and the second event magnitude, are provided
by reversal or extension points in relation to Fibonacci levels [21] [22].

For example, patterns FM2 and MA2 contain an upward or downward ABCD
pattern (Figure 12) that most frequently has the following characteristics:

— 100 —
1007 @) 1)
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Figure 10. Figure 10(a) and Figure 10(b) show percentage frequencies of DEQ’s occur-
rence delays and distances having a magnitude difference of <0.2 units, while Figure
10(c) and Figure 10(d) show DEQ’s occurrence delays and distance having a magnitude
difference of <0.5 units.
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Table 3. Earthquakes research parameters in USGS (number, earthquake, dates, latitude, longitude, depth and magnitude) catalog,
difference in magnitude, delay between events and their distance.

Depth Time Delays Distance
No Earthquakes Date Lat Lon Magnitude AM
d & (km) & (ddhh:mm) (km)
3 25/06/1904 52.864 160.445 15 7.5 Mw
1 Russia 0.2 00 16:15 158.9
25/06/1904 51.565 161.417 30 7.7 Mw
. 09/07/1905 49.709 98.483 15 8.3 Mw
2 Mongolia 0.0 13 17:06 140.3
23/07/1905 49.369 96.610 15 8.3 Mw
16/06/1910 —-19.572 169.438 100 7.8 Mw
3 Vanuatu 0.5 145 23:32 4529
09/11/1910  —16.289 166.904 20 7.3 Mw
) 13/01/1916 -3.196 135.731 25 7.1 Mw
4 Papua-Indonesia 0.6 00 02:02 267.9
13/01/1916 -3.987 138.011 35 7.7 Mw
. . 02/03/1919 —43.800 -78.319 15 7.2 Mw
5 Chile-Argentina 0.0 00 08:19 540.0
02/03/1919  -43.109  -71.695 15 7.2 Mw
. 07/11/1922 —28.365 -71.96 25 7.0 Mw
6 Chile 0.5 03 05:32 206.5
11/11/1922 28293 -69.852 70 8.5 Mw
01/09/1923 35413 139.298 15 8.1 Mw
7 Japan 0.3 00 23:48 72.7
02/09/1923 35.007 139.926 15 7.8 Mw
) 03/07/1924 36.983 84.164 10 7.2 Mw
8 China 0.2 08 15:04 63.8
11/07/1924 37.064 83.453 10 7.0 Mw
03/05/1925 1.190 126.01 15 7.1 Mw
9 Molucca Sea 0.1 3011:12 11.3
03/06/1925 1.292 126.01 15 7.0 Mw
. 14/04/1928 42.329 25.717 10 7.1 Mw
10 Bulgaria 0.0 04 10:22 50.1
18/04/1928 42.356 25.109 15 7.1 Mw
17/06/1928 16.182 -96.585 20 7.9 Mw
. 0.7 48 15:07 174.6
11 Mexico 04/08/1928 16.004 -98.209 20 7.2 Mw
0.3 65 08:35 78.4
09/10/1928 16.190 97.502 25 7.5 Mw
01/12/1928 —-35.155 -72.105 35 7.7 Mw
12 Maule 0.7 00 24:14 87.1
02/12/1928 —35.685 -72.812 30 7.0 Mw
, 05/07/1929 51.473 ~178.152 35 7.0 Mw
13 Aleutian Islands 0.3 02 07:04 26.4
07/07/1929 51.474 -177.771 35 7.3 Mw
. 10/08/1931 46.817 89.915 10 7.9 Mw
14 China 0.8 07 17:03 49.9
18/08/1931 47.264 89.859 10 7.1 Mw
03/10/1931 -11.117 161.110 15 7.9 Mw 0.9
00 02:05 115.3
03/10/1931 -12.131 161.333 15 7.0 Mw 0.0
15 Solomon Islands 00:01:29 133.7
03/10/1931 —-10.931 161.414 15 7.0 Mw 0.7
06 01:32 134.0
10/10/1931 -9.732 161.211 15 7.7 Mw
03/06/1932 19.786 —103.784 15 8.1 Mw 03 14 23:36 2.8
16 Mexico 18/06/1932 19.419 —-103.907 15 7.8 Mw 0.1 04 02:47 33‘6
22/06/1932 19.373 -104.224 25 7.7 Mw ’ '
18/07/1934 -11.936 166.977 10 7.7 Mw
17 Santa Cruz Islands 0.4 02 10:38 148.6
21/07/1934 -11.129 165.890 15 7.3 Mw
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Continued
, 20/09/1935 -3.824 141.416 30 7.8 Mw
18 New Guinea 0.8 00 03:37 135.9
20/09/1935 -3.776 142.640 34 7.0 Mw
12/10/1935 40.199 143.304 15 7.0 Mw
19 Japan 0.1 0507:27 60.12
18/10/1935 40.235 144.011 15 7.1 Mw
05/11/1938 36.966 142.090 35 7.8 Mw
0.1 00 02:07 25.1
05/11/1938 37.166 142.221 35 7.7 Mw
20 Japan 0.0 00 22:03 51.1
06/11/1938 37.393 142.303 30 7.7 Mw
0.1 00 12:45 43.1
06/11/1938 37.019 142.430 25 7.6 Mw
. 05/12/1941 8.396 —83.457 20 7.3 Mw
21 Costa Rica 0.3 01 00:37 118.6
06/12/1941 8.523 —84.528 15 7.0 Mw
. . 04/08/1946 19.083 -69.248 15 7.5 Mw
22 Dominican Republic 0.5 03 19:37 66.3
08/08/1946 19.538 -69.657 15 7.0 Mw
. 13/06/1947 21.722 145.567 35 7.0 Mw
23 Mariana Islands 0.2 05 11:10 17.2
19/06/1947 21.600 145.464 35 7.2 Mw
. 17/12/1949 -53.923 -69.596 10 7.7 Mw
24 Tierra del Fuego 0.4 00 08:14 10.4
17/12/1949 -53.911 -69.753 10 7.3 Mw
. 22/10/1951 23.917 121.343 25 7.2 Mw
25 Taiwan 0.2 00 02:14 16.6
22/10/1951 23.775 121.393 20 7.0 Mw
. 24/11/1951 23.046 121.249 25 7.3 Mw
26 Taiwan 0.5 00 00:03 6.2
24/11/1951 23.092 121.214 30 7.8 Mw
11/03/1957 52.691 -169.191 35 7.1 Mw 0.1 00 04:57 660.8
11/03/1957 51.339 —-178.602 25 7.0 Mw 0.1 00 20:50 95.6
27 Aleutian Islands 12/03/1957 51.481 —177.243 20 7.1 Mw 0.0 02 03:02 47.5
14/03/1957 51.196 -176.733 25 7.1 Mw 0.1 01 11:47 115.8
16/03/1957 51.419 —178.870 25 7.2 Mw
24/04/1957 36.493 28.829 35 7.1 Mw
28 Greece 0.2 00 07:15 15.2
25/04/1957 36.405 28.699 35 7.3 Mw
20/03/1960 39.869 143.228 15 8.0 Mw
29 Japan 1.0 02 07:16 27.1
23/03/1960 39.635 143.316 15 7.0 Mw
. 21/05/1960 —37.824 —73.353 25 8.1 Mw
30 Chile 1.0 01 00:28 30.0
22/05/1960 -37.775 -73.017 25 7.1 Mw
16/01/1961 36.121 141.758 30 7.2 Mw
31 Japan 0.2 00 04:52 12.7
16/01/1961 36.226 141.815 30 7.0 Mw
12/04/1962 38.022 142.789 28 7.3 Mw
32 Japan 0.2 11 05:06 505
23/04/1962 42.506 143.734 60 7.1 Mw
. 15/04/1963 -0.975 128.07 30 7.1 Mw
33 Indonesia 0.0 00 00:26 8.8
16/04/1963 -1.050 128.043 30 7.1 Mw
15/09/1963 -10.522 165.642 35 7.4 Mw
34 Santa Cruz Islands 0.2 02 18:34 314
17/09/1963 —-10.466 165.360 45 7.2 Mw
. 13/10/1963 44.872 149.483 35 8.5 Mw
35 Kuril Islands 0.7 06 19:36 85.5
20/10/1963 44.726 150.547 28.2 7.8 Mw
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Continued
i 11/06/1965 44.608 149.022 40.7 7.0 Mw
36 Kuril Islands 0.2 00 00:01 25.8
11/06/1965 44.578 148.699 58 7.2 Mw
11/08/1965 —15.449 166.980 25 7.2 Mw
0.4 00 18:51 474
37 Vanuatu 11/08/1965 -15.861 167.092 30 7.6 Mw
0.2 01 14:09 14.2
13/08/1965 -15.871 166.960 25 7.4 Mw
31/12/1966 -12.091 166.552 55 7.8 Mw
38 Santa Cruz Islands 0.7 00 03:52 26.9
31/12/1966 -12.326 166.491 35 7.1 Mw
16/05/1968 40.860 143.435 299 8.2 Mw
39 Japan 0.3 00 09:50 79.4
16/05/1968 41.430 142.864 25 7.9 Mw
X 11/08/1969 43.599 147.385 25 7.5 Mw
40 Kuril Islands 0.4 02 16:52 38.19
14/08/1969 43.313 147.647 27.5 7.1 Mw
A 14/07/1971 -5.524 153.850 40 8.0 Ms 108.7
41 Papua New Guinea 0.1 11 19:12
26/07/1971 -4.817 153.172 40 8.1 Ms
. 02/08/1971 41.415 143.416 57.8 7.1 Mw
42 Russia 0.2 3411:11 593.1
05/09/1971 46.505 141.199 18.1 7.3 Mw
17/06/1973 43.233 145.785 48 7.7 Mw
43 Japan 0.6 06 22:48 54.0
24/06/1973 43.318 146.442 50 7.1 Mw
31/01/1974 —7.461 155.894 34 7.0 Ms
44 Solomon Islands 0.1 00 03:42 36.2
01/02/1974 -7.383 155.575 40 7.1 Ms
. 20/07/1975 —6.590 155.054 49 7.9 Ms
45 Papua New Guinea 0.2 00 05:17 58.2
20/07/1975 -7.104 155.152 44 7.7 Ms
. 08/04/1976 40.311 63.773 33 7.0 Ms
46 Uzbekistan 0.0 3900:18 26.67
17/05/1976 40.381 63.472 10 7.0 Ms
R 27/07/1976 39.664 117.978 23 7.4 Mw
47 China 0.0 00 15:03 10.4
28/07/1976 39.57 117.978 26 7.4 Ms
20/04/1977 -9.890 160.348 19 7.5 Ms
0.0 00 00:07 52.2
48 Solomon Islands 20/04/1977 -9.844 160.822 33 7.5 Ms
0.0 00 04:35 16.7
20/04/1977 —9.965 160.731 33 7.5 Ms
. 23/03/1978 44.932 148.439 33 7.5 Ms 0.1
49 Kuril Islands 01 16:32 83.5
24/03/1978 44.244 148.862 33 7.6 Ms
. 07/06/1982 16.610 -98.150 40 7.2 Ms
50 Mexico 0.2 00 03:20 23.0
07/06/1982 16.560 -98.360 33 7.0 Ms
03/03/1985 -33.135 -71.871 33 8.0 Mw 0.6
3 00 01:45 209
51 Chile 04/03/1985 -33.207 -71.663 33 7.4 Mw 0.2
0501:24 102.8
09/04/1985 -34.131 -71.618 37.8 7.2 Mw
. 10/05/1985 -5.599 151.045 26.7 7.2 Mw
52 Papua New Guinea 0.1 53 13:00 2359
03/07/1985 —4.439 152.828 33 7.3 Mw
. 29/07/1985 36.190 70.896 98.7 7.4 Mw
53 Afghanistan 0.4 25 04:47 523.7
23/08/1985 39.431 75.224 6.8 7.0 Mw
. 19/09/1985 18.190 —102.533 27.9 8.0 Mw
54 Mexico 0.4 01 12:20 103.2
21/09/1985 17.802 —101.647 30.8 7.6 Mw
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Continued
28/11/1985 -13.987 166.185 33 7.0 Mw
55 Vanuatu 0.1 2221:24 35.8
21/12/1985 -13.966 166.516 43 7.1 Mw
) 05/03/1987 -24.388 -70.161 62.3 7.6 Mw
56 Chile 0.6 00 01:38 55.9
05/03/1987 ~24.495 ~70.701 34.8 7.0 Mw
X 12/10/1987 —7.288 154.371 24.7 7.0 Mw
57 Papua New Guinea 0.4 04 06:51 597.3
16/10/1987 —6.266 149.06 47.8 7.4 Mw
03/03/1990 -22.122 175.163 33.2 7.6 Mw
58 Fiji Islands 0.5 02 04:22 852.9
05/03/1990 -18.318 168.063 20.7 7.1 Mw
20/05/1990 5.121 32.145 14.9 7.2 Mw
59 Sudan 0.1 04 17:38 42.1
24/05/1990 5.358 31.848 16 7.1 Mw
o 17/05/1992 7.239 126.645 32.8 7.1 Mw
60 Philippines 0.2 00 00:26 13.9
17/05/1992 7.191 126.762 33 7.3 Mw
. 04/10/1994 43.773 147.321 14 8.3 Mw
61 Kuril Islands 1.0 04 18:33 49.9
09/10/1994 43.905 147.916 33 7.3 Mw
28/12/1994 40.525 143.419 26.5 7.8 Mw
62 Japan 0.1 09 10:18 109.8
06/01/1995 40.246 142.175 26.9 7.7 Mw
L 21/04/1995 12.059 125.580 20.7 7.2 Mw
63 Philippines 0.1 14 03:19 70.1
05/05/1995 12.626 125.297 16 7.1 Mw
, 16/08/1995 ~5.799 154.178 30.1 7.7 Mw
64 Papua New Guinea 0.5 00 12:43 18.9
16/08/1995 -5.771 154.347 33 7.2 Mw
. 10/06/1996 51.564 -177.632 33 7.9 Mw
65 Aleutian Islands 0.6 00 11:21 55.1
10/06/1996 51.478 ~176.847 26.3 7.3Mw
09/11/1998 -6.92 128.946 33 7.0 Mw
66 Banda Sea 0.7 20 08:32 701.9
29/11/1998 -2.071 124.891 33 7.7Mw
29/10/2000 -4.766 153.945 50 7.0 Mw
1.0 17 20:17 215.4
7 P New Gui 16/11/2000 —-3.980 152.169 33 8.0Mw 02 00 02:48 173.5
apua New Guinea . . .
P 16/11/2000 —5.233 153.102 30 7.8 Mw
0.0 01 13:19 149.1
17/11/2000 -5.496 151.781 33 7.8Mw
23/06/2001 -16.265 -73.641 33 8.4Mw
68 Peru 0.8 13 03:05 218.8
07/07/2001 —-17.543 -72.077 33 7.6 Mw
25/09/2003 41.815 143.593 27 8.3Mw
69 Japan 0.9 0001:18 4.5
25/09/2003 41.774 143.593 33 7.4 Mw
27/12/2003 —-22.015 169.766 10 7.3 Mw
70 Loyalty Islands 0.2 07 00:23 8.5
03/01/2004 -22.015 169.683 22 7.1 Mw
i 05/02/2004 -3.615 135.538 16.6 7.0 Mw
71 Papua, Indonesia 0.3 01 05:37 71.6
07/02/2004 —4.003 135.023 10 7.3 Mw
12/09/2007 —4.438 101.367 34 8.4Mw
i 0.5 00 12:39 209.9
72 Sumatra, Indonesia 12/09/2007 -2.625 100.841 35 7.9 Mw
0.9 00 03:46 145.7
13/09/2007 -2.130 99.627 22 7.0 Mw
. 03/01/2009 -0.414 132.885 17 7.7 Mw
73 Papua, Indonesia 0.3 00 02:50 55.9
03/01/2009 -0.691 133.305 23 7.4 Mw
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Continued
18/02/2009 -27.424 -176.330 25 7.0 Mw
74 Kermadec Islands 0.6 28 20:24 515.3
19/03/2009 —-23.043 —174.660 31 7.6 Mw
07/10/2009 -12.517 166.382 35 7.8 Mw
75 Vanuatu 0.4 00 00:55 62.2
07/10/2009 —-13.093 166.497 31.1 7.4 Mw
i 27/02/2010 -37.773 —-75.048 35 7.4 Mw
76 Chile 0.4 12 06:54 481.8
11/03/2010 -34.326 -71.799 18 7.0 Mw
i 06/04/2010 2.383 97.048 31 7.8 Mw
77 Sumatra, Indonesia 0.6 3207:44 190.0
09/05/2010 3.748 96.018 38 7.2 Mw
. 18/07/2010 —-5.931 150.590 35 7.3 Mw
78 Papua New Guinea 0.3 17 08:27 28.2
04/08/2010 —5.746 150.765 44 7.0 Mw
11/03/2011 36.281 141.111 42.6 7.9 Mw
0.2 00 00:10 366.1
79 Japan 11/03/2011 38.058 144.590 18.6 7.7 Mw
0.6 27 08:07 305.1
07/04/2011 38.276 141.588 42 7.1 Mw
20/08/2011 —-18.365 168.143 32 7.2 Mw
80 Vanuatu 0.1 0001:24 9.9
20/08/2011 -18.311 168.218 28 7.1 Mw
11/04/2012 2.327 93.063 20 8.6 Mw
81 Sumatra 0.4 00 02:05 182.2
11/04/2012 0.802 92.463 25.1 8.2 Mw
06/02/2013 -10.799 165.114 24 8.0 Mw 0.9 00 00:11 496
06/02/2013 -11.183 164.882 10 7.1 Mw ’ 00 00:31 )
81 Solomon Islands 0.1 108.3
06/02/2013 -10.499 165.588 8.8 7.0 Mw 01 02 13:32 66.9
08/02/2013 -10.928 166.018 21 7.1 Mw ' ’
. 01/04/2014 -19.609 -70.7691 25 8.2 Mw
82 Chile 0.5 01 02:57 110.7
03/04/2014 -20.570 —-70.4931 22.4 7.7 Mw
12/04/2014 -11.270 162.1481 22.56 7.6 Mw
83 Solomon Islands 0.8 00 16:22 23.9
13/04/2014 —-11.463 162.0511 39 8.4 Mw
X 08/09/2017 15.0678 -93.715 69.65 8.1 Mw
84 Mexico 1.0 11 13:25 638.4
19/09/2017 18.5462 —98.487 51 7.1 Mw
»
ﬁ |
“a B
{ [ ]

Figure 11. Location of DEQ whose magnitude is equal to or greater than 7.0 M occurred from 1904 to 2017 (base map USGS).
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Figure 12. Fibonacci levels: (a) Chile Eartquakes 11/03/2010 (Time delays: 16 minutes), (b) Iran Eartquakes 11/08/2012 (Time

delays: 11 minutes).

a) Segment BC is approximately 61.8% - 76.4% of segment AB;

b) Segment CD has approximately a + 0.5 units magnitude compared to point
B.

The closer the C point to point B (segment BC less than 50%) the greater is
DEQ formation probability. Point E indicates the final magnitude values’ drop
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below the transition line up to a magnitude value greater than the one indicated
by point C. Usually, this type of pattern takes a few minutes to complete, and we
may assume that only one asperity breaks.

FM1 and MAL1 patterns consisting of two EQ separated by multiple, minor
shocks, have a high predictability ratio if we observe the “Butterfly” configura-
tion (butterfly pattern) drawn by the shocks sequence between the two maxima.
Figure 13 and Figure 14 report two examples of FM1 and MA1 patterns, re-
spectively, where ABCD pattern is upwards, and segment BC is approximately
greater than 0.764% of segment AB (Figure 13(a) and Figure 14(a)).

Magnitude
Magnitude

0 10 20 30 40 50 0 10 20 30 40 50
Progressive number of events Progressive number of events

©
M

4.9

. |
5.1 .
52 '
5.3 .
5.4 ’
5.5
5.6 .
5.7
5.8 .

153.2 153.3 153.4 153.5 153.6 153.7 153.8 153.9 154 154.1

Figure 13. New Guinea earthquakes of 14/07/1971 and 26/07/1971 (Time delays: 12 days 19 hours 12 minutes). In Figure 13(c),
red circle indicates the mainshock, while green circle the foreshock. Black circles indicate low magnitude shocks.
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Figure 14. Mexico earthquakes of 19/09/1985 and 21/09/1985 (Time delays 1 day 12
hours 20 minutes). In Figure 14(c), the red circle indicates the mainshock, while the yel-
low circle the aftershock. Black circles indicate low magnitude shocks.

“Butterfly” configuration (Figure 13(b) and Figure 14(b)) is better described

by the connection of points 1, 2, 3, 4 and 5 that represent, respectively:

o Points 1 and 5, the first and the second earthquake;

e DPoint 3, the second relative maximum that forms after point 1;

e Points 2 and 4 the first and the second minima that form before and after
point 3.

To define the configuration, we must connect the first maximum (point 1)
with the first minimum (point 2) and then the latter with the second maximum
(point 3) that confirms the point 2 previously identified. From point 3 the mag-
nitude values begin to drop until they form the second minimum (point 4) and,
finally, the point 5 will complete the “butterfly” pattern. It is possible to draw
multiple, temporary “Butterfly” patterns between two separate EQ with the con-
sequent formation of multiple points 3 of increasing magnitude. In this case, for
the pattern construction we should consider the last point 3 formed.

Once defined, the “Butterfly” pattern allows obtaining the following informa-
tion:

a) The higher the point 3 (above 50% level), the greater the probability that

points 2 and 4 are increasing and the point 5 is greater in magnitude compared
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to point 1 (point 1 is a foreshock, while point 5 is a mainshock);

b) The lower the point 3 (below 50% level), the greater the probability that
points 2 and 4 are decreasing and the point 5 is smaller in magnitude compared
to point 1 (point 1 is a mainshock, while the point 5 is an aftershock);

¢) Usually, between points 1 and 2 and 3 and 4, the minimum magnitude val-
ues have a decreasing trend, while trend is increasing between points 2 and 3
and 4 and 5;

d) The minimum magnitude value of the second maximum is given by point 1
and 3 average magnitude values (point 6);

e) The second maximum highest magnitude value is empirically calculated by
adding to (if points 2 and 4 are upwards) or subtracting from (if points 2 and 4
are downwards) the first maximum magnitude value, the magnitude difference
between points 2 and 4;

f) The activation signal coincides with point 4 (red triangle);

g) Usually, the area formed by points 1, 2 and 3 (pattern’s left sector) is larger
if minima 2 and 4 are upward, while it is smaller if the contrary happens;

h) Second DEQ earthquake is more frequently of “Flash Earthquake” type
(i.e., foreshocks do not precede it);

i) Often some minor shocks that occur before DEQ are close to their epicen-
ters (Figure 13(c) and Figure 14(c)).

This pattern takes longer to complete (from a few hours to several days) and,
given its asymmetry highlighted by point 3 position, we may assume the break-
ing of many asperities, faults or different rocks.

The second maximum’s magnitude values range within the “Butterfly” pattern

can be estimated by the following procedure as well:

M, =R, +0.618:(M,, —M,,) (1)
M, =R, +0.382- (M, —M,,) (2)
where,
M, = magnitude value of the range upper limit;
M, = magnitude value of the range lower limit;
Py =(Mp +Mp, +M,;)/3 (3)

My, My,, My, = magnitude values of points 1, 2 and 3 in the pattern;

0.382 and 0.618 are Fibonacci levels statistically achieved by the magnitude
values of the second event in the pattern.

The procedure we present here can also be used to assess the magnitude value
of the second earthquake (point D) in patterns FM2 and MA2 by considering the
following points:

My, = point B magnitude value;

M, = point A magnitude value;

M, = point C magnitude value.

Figure 15 shows an example of MEQ (Multiples Earthquakes), in which the
second EQ happened with a delay (time delays) of 2 hours 48 minutes and at a
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Figure 15. New Guinea earthquakes of 16/11/2000 and 17/11/2000.

173.5 km distance from the first. The third EQ occurred with 1 days 13 hours 19
minutes delay and at a 149.1 distance km from the second.

The longer delay observed in third EQ compared to the first is also hig-
hlighted by the higher number of shocks occurred. After the first seismic event,
we observe a decrease in magnitude values up to almost 100% (Figure 15(a))
and a final rise pretty close to the first earthquake (-0.2 units). In (Figure
15(b)), we notice that stronger earthquakes are separated by several shocks
forming asymmetric butterfly patterns. Figure 15(c) shows branched structures

[16] and activation signals of energy release phases preceding the second and
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third EQ (signals are delayed compared to those provided by the “Butterfly”
pattern). Figure 15(d) reports the epicenters of seismic events occurred in the
first 8.0 Mw magnitude and the last 7.8 Mw magnitude earthquakes.

After the initial 8.0 Mw magnitude earthquake, we observe a SE-oriented mi-
gration of subsequent shocks epicenters (red circles), where we see a higher
concentration of seismicity in a region surrounding the second 7.8 Mw magni-
tude EQ (yellow circle). During the aftershock phase, we note that some epicen-
ters (magenta-colored) are arranged around the epicenter of the third 7.8 Mw
event.

Figure 16 shows another example of MEQ consisting of two DEQ: the first
consists of two earthquakes having 6.9 Mw and 6.8 Mw magnitude, respectively,
while the second consists of consecutive earthquakes whose magnitudes are 6.8
Mw and 7.2 Mw. After the first 6.9 Mw event (Figure 16(a)), we observe a de-
crease in magnitude values up to nearly 61.8% (point C) and a first rise (point D)
almost close to first earthquake (—0.1 units). The delay (time delays) between the
first and second earthquake was 21 minutes and the distance was 13.84 km. The
third 7.2 Mw earthquake (point D1) occurred 4 minutes after the second, at a
distance of 15 km.

Figure 16(b) shows that events’ epicenters (black circles) between point F and
point A (Figure 16(a)) and the minimum C having a 5.2 Mw magnitude (yellow
circle), are close to the strongest EQ’s future epicenters (red and green circles)

This information suggests that the most complex DEQ e MEQ patterns can be
related to multiple asperities having different sizes and thickness, located along

the same or adjacent faults.

(@)

Magnitude
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6.2
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54
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42
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Progressive number of events
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Figure 16. Philippines earthquakes of 21/04/1995.
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In fact, along the faults with large asperities having similar thickness, the
breaking of one of them leads to an increasing stress in the adjacent ones by
triggering their breaking and hence the formation of distinct, but similar earth-

quakes pairs [3].

4. Conclusions

In this paper, we used a graphic and statistical approach to classify double and
multiple earthquakes and identify the activation signals that allow collecting in-
formation about the time of the second earthquake, whose magnitude is compa-
rable to the first, may happen.

The observations made on magnitude values fluctuations over time, underline
that FMA pattern allows identifying the energy release phase closure as well as
the mainshock compared to that of other major earthquakes in the pattern.

In some seismic sequences, FMA pattern consists of two or more earthquakes
of magnitude comparable: we may classify them depending on the number of
lower magnitude shocks that separate them.

The detailed analysis of 1237 DEQ occurred across the world show that, as a
rule, an earthquake within the FMA pattern can trigger a second large event
close in time and space.

The results we obtained show that a 0.5 units magnitude difference, a spatial
separation not exceeding 100 km and 10 days time separation are DEQ’s most
common characteristics.

In different types of DEQ ,we noticed that as the number of shocks between
the first and the second event increases, even the distance between the events
basically increases (the earthquake pairs are most likely associated with the
breaking of several asperities along the same or adjacent faults), while in the ab-
sence of a shock or a few shocks between DEQ, the distance between events es-
sentially decreases (earthquake pairs are most likely associated with repeated
breaking of the same asperity or fault).

Besides, in DEQ separated by several lower magnitude shocks, a “Butterfly”
pattern is formed, which allows obtaining early information on the second
earthquake pairs’ magnitude and when this will happen.

Patterns consisting of more than two earthquakes with comparable magnitude
(MEQ) differ from basic FMA pattern, and probably they are formed in certain
complex tectonic areas where crustal asperieties having different sizes and
thickness, may be several.

Usually, these patterns result from a mainshock and two or more fore-
shocks/aftershocks having similar magnitude although differently spaced in time
and space.

Large earthquakes with comparable magnitude are not rare and in some areas
could represent an underestimated risk.

In our approach, we believe that the position of the trigger point immediately

generated after the first earthquake in some types of DEQ, is the most hazardous
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point and, therefore, its identification is crucial to reduce the risks that rescue

teams are exposed to if the following earthquake features a comparable seismic

energy.
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