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Preface

The catastrophic earthquake sequence in Tiirkiye and Syria in February 2023 isa
reminder that many aspects of earthquake science need further multidisciplinary
research. Scientists and engineers must understand the fault’s rupture and estimate the
earthquake’s ground motion and its consequences on building performance. In other
words, a new educational curriculum must merge the seismology, geotechnical, and
structural engineering fields to fulfill research trends and demand practices. This book
attempts to start to do so.

Earthquakes - Recent Advances, New Perspectives and Applications results from the tire-
less effort of thirteen distinguished scholars from eight countries and is organized into
four sections containing nine chapters.

Section 1, “Tectonics and Seismicity”, includes Chapters 1-4. In Chapter 1, Motazedian
and Ma study the June 23, 2014, M 7.9 Rat Islands Alaska earthquake by applying a

full moment tensor inversion and a source rupture model accompanied by hypocenter
relocations of aftershocks. The chapter can be used to teach how to perform inversions
at universities and research centers for engineers and seismologists. In Chapter 2,
Bogdanov and Pavlov construct probabilistic models that make it possible to trace
self-consistent changes in space, time, and energy for background earthquakes pre-
ceding a strong event (e.g., M > 7.0) by employing wavelet decomposition methods,
including depth uncertainty, in the analysis. The authors use the earthquake catalog
for the Kamchatka regional network of the Russian Academy of Sciences during the
period 1994-1997. In Chapter 3, Salazar presents a methodology to test the Weibull
and Poisson probability distribution of earthquakes, employing a clustered and
declustered catalog based on subduction events in El Salvador; magnitude conditional
probabilities are computed for a time-dependent seismic hazard assessment. In
Chapter 4, Motazedian and Ma recalculate the original parameters of the intraplate
1982 Miramichi earthquake and aftershocks using a master-event location method
combined with regional depth-phase modeling,

Section 2, “Earthquake Forecasting”, includes Chapter 5 in which N. Solari¢ and M.
Solarié present a prominent application of GPS satellites for earthquake forecasting,
analyzing the distance changes amongst different Earth stations before and after an
earthquake occurrence.

Section 3, “Geotechnical Engineering’, includes Chapter 6, in which Hsu presents an
improvement of the classical methodologies to calculate the bearing capacity on soils
considering the strain softening and asymmetric shear failures under the finite element
analysis. It also presents new findings on Coulomb’s earth pressures and slope stability
analysis.



Section 4, “Building Structures”, includes Chapters 7-9. Chapter 7 by Apak summarizes
the morphology of the vernacular structures in Tiirkiye at Adana City and presents

a qualitative analysis of these heritage buildings due to vertical, seismic, and wind
loadings, including out-of-plane behavior. Chapter 8 by Alomari describes the risks
associated with modifying the structural systems of buildings. It also shows remedial
measures locating special devices to reduce the earthquake response of the structures.
Chapter 9 by Trcala, Némec, and Galovd explains several structural dynamics tech-
niques employing accelerograms as input excitation of buildings in the nonlinear range
behavior.

Walter Salazar, Ph.D.

Professor,

Faculty of Engineering and Architecture,
Catholic University of El Salvador UNICAES,
Santa Ana, El Salvador

XIvV
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Chapter 1

Studies on the Source Parameters
of the 23 June 2014 Rat Islands,
Alaska, My 7.9 Earthquake
Sequence

Dariush Motagedian and Shutian Ma

Abstract

On 23 June 2014, an My, 7.9 earthquake occurred in the Rat Islands region, Alaska,
United States. We inverted the full moment tensor for the mainshock, and found the
shallow-dip nodal plane (P1) is: strike 207.4°, dip 27.1°, slip —12.7°; the steep-dip
plane (P2) is: strike 308.7°, dip 84.2°, slip —116.5°. The larger aftershocks that have
depth phase records were relocated and found the majority were distributed along a
moderate dipping trend. The steep-dip plane was selected as the causative plane.
Using the steep-dip plane as the rupture plane, source rupture process inversions were
performed. The obtained maximum slip was about 3.5 m. The optimal rupture veloc-
ity Vg was about 2.0 km/s. The shallow-dip plane was also used as a rupture plane to
perform rupture inversion trials. Curiously the overall waveform fit between the
observed and the synthetic seismograms is slightly better than that when the steep-dip
plane was used. The catalogue hypocenters of the aftershocks with magnitude > 4.0
were used to simulate a spatial plane. The simulated plane is moderate dipping
towards north-west. When the simulated plane was used as the rupture plane, the
overall waveform fit was poor. The moderate dipping plane was not the causative
plane.

Keywords: the 23 June 2014 Rat Islands My 7.9 earthquake, source rupture model,
aftershocks, master-event relocation, depth phase

1. Introduction

On June 23, 2014, an Myy 7.9 earthquake occurred in the central Aleutians near the
Rat Islands, Alaska (Figure 1). This earthquake was one of the largest seismic events
along the boundary between the Pacific and the North American plates in a century.
The focal depth of this earthquake was about 100 km; it is an intermediate-depth
event. In most cases, intermediate-depth events are not followed by many aftershocks
[1]. However, this mainshock was followed by a large number of aftershocks. The
Alaska Earthquake Centre (AEC) located more than 1800 aftershocks within 1 month
after the mainshock, and more than 40 of them were larger than magnitude 4 [2].
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Figure 1.

The location of the 23 June 2014 My, 7.9 earthquake and the study vegion in the global setting. The red solid circle
at the center shows the epicenter. The trapezoid shows the study region. The triangles show the positions of the
seismic stations, at which the recorded mantle Rayleigh-wave seismograms were selected for the moment tensor
inversion. The cross sign shows the location of the north pole.

Intermediate-depth earthquakes with My > 7.5 are rare. The Global Centroid Moment
Tensor (G-CMT) catalog lists only 14 with magnitude M > 7.5, which occurred
between depths of 70-200 km [2]. The occurrence of this large earthquake with many
aftershocks is a very rare case.

The mainshock caused an intention to the seismological society. Some seismologists
studied it and published papers on or related to this Rat Islands earthquake sequence.

Ye et al. [3] modeled the source ruptures using both nodal planes. They found the
shallow-dip fault plane with strike azimuth Az 205.9° and dip angle 23.6° toward the
northwest provides better matches to P waveforms at azimuths from 300° to 340°
than does the steep-dip fault plane (strike azimuth Az 308° and dip angle 84°).
However, the overall waveform mismatch is comparable between the two models, and
some signals are better fit using the steep-dip fault plane, so their preference for
selecting the shallow-dip plane as the rupture plane is mild. In another word, for this
My 7.9 earthquake, its causative plane cannot be 100% determined using the fit

4



Studies on the Source Parameters of the 23 June 2014 Rat Islands, Alaska...
DOI: http://dx.doi.org/10.5772 /intechopen.104600

between the observed and the synthetic waveforms. The maximum slip they obtained
is 10.3 m; the average slip is 3.9 m. The rupture velocity they used is 1.5 km/s.

Macpherson and Ruppert [2] relocated the aftershocks. To attempt to determine
the correct rupture plane, they plotted cross-sections parallel to the dipping directions
of the nodal planes as determined by the Global Centroid Moment Tensor (gCMT)
project. The gCMT solutions found one nodal plane with subvertical dip (84°) and a
strike of 308° and the other with a moderate dip of 26° and strike of 207°. They found
that the seismicity is dipping at a moderate angle to the northwest and does not align
well with the dips from either of the gCMT nodal planes. They also found the shallow-
dip plane does align well with the mainshock hypocenter and a group of unusual
oceanic mantle seismicity to the south of the mainshock. They interpret that align-
ment as delineating the mainshock fault plane, and thus, they prefer the moderately
dipping nodal plane as the rupture plane of the My 7.9 mainshock. They used the
double-difference relocation method [4], and the catalog travel time picks from 29
Broadband and short-period stations to relocate over 2500 earthquakes, which
occurred from June 23, 2014, to the end of the year in the mainshock epicenter region
(50°N-53°N; 176°E-178°W). As those smaller aftershocks were included; the catalog
travel time picks for smaller earthquakes may not be accurate, and the relocation
results may or may not be reliable.

Twardzik and Ji [5] first performed a set of finite-fault inversions to invert the slip
history of the Myy 7.9 earthquake. They found they cannot identify the causative fault
plane by comparing the misfits between observed and the synthetic seismograms. As
such, they relocated aftershocks and used the relocated hypocenters to determine the
causative plane. They used the Joint hypocenter determination (JHD) method and the
arrival times of seismic phases (P, S, pP, sP, PcP, and ScP) reported by the Interna-
tional Seismological Centre (ISC). They selected a dataset, including 19 earthquakes
with my, > 4; 17 earthquakes with (3 < my, < 4), occurred from June 23 to September
23, 2014, within 60 km from the epicenter of the mainshock. The mean horizontal
error of those JHD locations is 6.2 km; the mean vertical error is 19.8 km. They found
that most relocated aftershocks distribute along a 40 km long linear segment orienting
northeast and that coincides with the width of the surface projection of the steep-dip
fault plane. Vertically, the relocated aftershocks span a depth range from 70 km to
150 km. It is noteworthy that the depth extension of the relocated aftershock distri-
bution is nearly double of its horizontal extension. They concluded that the relocated
aftershocks tend to align preferentially along with the fault plane that has a dip of 87°
and a strike of 308°. Since the mean vertical error is 19.8 km in the relocated after-
shocks, the hypocenter distribution may have some uncertainties. The maximum slip
they obtained is about 3.5 m; the rupture velocity Vg is about 2.0 km/s.

Miyazawa [6] studied the remote and dynamic earthquake triggering phenomena
caused by global transient stress changes generated from seismic waves’ propagation
of other large earthquakes at a great distance. The author calculated the dynamic
changes beneath station ADK and AMKA in the Coulomb Failure Function (ACFF) for
the Myy 7.9 mainshock. The focal mechanism from the Global CMT (strike 207°, dip
26°, and rake/slip —13°) and focal depth 109 km were used. It was found that the
ACFF varies within roughly 10 Pa when the Lame’s parameters, A and p, are 66 GPa
and the effective friction coefficient p’ is assumed to be 0.4 at the depth. The stress
changes varying within at most 10 Pa at the hypocenter region probably caused a
reduction in the fault’s strength by cyclic fatigue and eventually triggered the fault
failure and released energy in the form of an Myy 7.9 earthquake. Unfortunately, the
author did not provide the results from the steep-dip plane.
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Florez and Prieto [7] introduced a relative earthquake depth determination algo-
rithm using depth phases. They applied their method to determine focal depths for 17
larger aftershocks of the Myy 7.9 earthquake. They projected their relocated hypocen-
ters onto two vertical planes. One is parallel to the steep-dipping direction; the other
to the shallow-dipping direction. They found that their results are not consistent with
a shallow-dip nodal plane. Therefore, they can confidently assign the causative fault
plane to the steep-dip plane. It seems that the catalog epicenters were used when
projections of the hypocenters were plotted. It is noticed that their hypocenter pro-
jections on the vertical plane that is parallel to the steep-dipping direction did not
form a linear trend along with the 84° dipping. The majority are along with about 60°
dipping (their Figure 2c).

The above authors made contributions to the studies of this Myy 7.9 sequence.

For example, they found that the causative plane of the mainshock cannot be
determined using the misfit between observed and synthetic waveforms. Some
phenomena related to the mainshock are still not very well emphasized. Such as, the
majority of the aftershocks were distributed along with a moderate-dipping trend
neither along with the shallow dip nor the steep-dip nodal plane. We have been study-
ing this very rare event from its occurrence; we want to present our results and confirm
some phenomena we found. We organized a chapter, which covers parts of our results.

1.The seismic activity features obtained using catalog data for earthquakes with
magnitude > 4.0, occurred before and after seven and half years from the
mainshock;

2.introduction to some of the methods used in our studies;

3.full moment tensor solution for the mainshock; the double-couple solution
retrieved is:

* nodal plane 1, P1: strike 207.4°, dip 27.1°, rake/slip -12.7°, dipping at Az
297.4° (shallow-dip);

* nodal plane 2, P2: strike 308.7°, dip 84.2°, rake/slip -116.5°, dipping at Az
38.7° (steep-dip).

4.hypocenter relocations for larger aftershocks which have depths obtained using a
depth phase method;

5.source rupture process modeling results;
6.discussions of some issues.
2. Several types of data used in our work

The catalog data: We retrieved the catalog of earthquakes with magnitude > 4,
which occurred between 2007-0101 and 2022-0220 in the Myy 7.9 source region and
its vicinity from IRIS (the Incorporated Research Institutions for Seismology), and
made up a computer program to process the catalog for plotting various hypocenter
distribution figures. The data duration covers about seven and a half years before and
after the occurrence of the mainshock.
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Seismogram data: When we perform a moment tensor inversion, and model source
rupture process for an earthquake, we need waveform records. Usually, we retrieve
waveform records from IRIS. For this My 7.9 earthquake:

1.the Broadband records at tele-stations (some seismic arrays) were retrieved for
measuring the time differences between the tele-depth phase pP and the direct P
phase to calculate focal depths.

2.the Broadband records at regional stations were retrieved for measuring the
arrival times of P and S phases to relocate those larger aftershocks that have focal
depth solutions obtained using a tele-depth phase.

3.the Broadband records at tele-stations around the epicenter of the mainshock
were retrieved for modeling source rupture processes.

4.the long period mantle wave records at tele-stations globally were retrieved for
moment tensor inversion.

An earth velocity model is required for relocations of the aftershocks. We used the
velocity model provided by Macpherson and Ruppert [2], to replace the crustal part
in the Preliminary Reference Earth Model (PREM; [8]). This revised model was used
for aftershock relocations and the source rupture modeling.

3. The geological background and seismic activities in the source region
and its vicinity

The My, 7.9 Rat Islands earthquake ruptured beneath the Rat Islands in the west-
ern Aleutians Islands, Alaska. Figure 2 shows its geographic location and the seismic-
ity in the epicenter region and its vicinity. This Mw 7.9 event happened within the
subducting Pacific slab in a region where the Bowers Ridge and the Aleutian Trench
(subduction zone) meet. The Aleutian Trench is the boundary between the Pacific
Plate and the America Plate. In the Aleutian Trench region, the Pacific Plate is moving
relative to the North American plate, which is relatively stationary, at a rate of about
7.5 cm/year [e.g., [9]].

The Aleutian trench is, along the Alaska-Aleutian arc, one of the largest active
tectonic margins in the world, spanning nearly 4000 km from the Gulf of Alaska to
the Kamchatka Peninsula, Russia. The arc is formed by a convergent plate boundary
where the Pacific plate is subducted beneath the North American plate at a rate that
varies between 5.4 cm/yr in the east to 7.8 cm/yr in the far west [9]. The Aleutian
trench zone is very seismically active. In the Rat Islands region, there are 10 earth-
quakes with a magnitude > 7 occurred since 1960 (IRIS earthquake catalog). The June
23, 2014 My 7.9 earthquake occurred at a depth of about 100 km. It is often called an
intermediate-depth event. In the following paragraphs, we analyze the seismicity that
occurred about seven and a half years before and after the Myy 7.9 earthquake in the
source region and its vicinity.

Figure 3 shows the epicenter distribution of earthquakes with magnitudes > 4.0,
which occurred about seven and half years before and after the Mw 7.9 mainshock in
the mainshock region and its vicinity. A solid circle shows the epicenter of an earth-
quake. It was color-coded with focal depth; its size is proportional to the magnitude.
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46 IR
170° 172°

Figure 2.

The seismicity and the geological background in the vicinity of the 23 June 2014 Rat Islands, Alaska, My, 7.9
earthquake sequence. A color-coded solid civcle shows an epicenter. A deeper color shows a deeper focal depth. The
catalog, retrieved from the IRIS, contains the earthquakes with magnitude > 4, which occurred from 2014-0101 to
2022-0220. The star shows the epicenter of the My, 7.9 mainshock; the diamond approximately shows the location
of the Rat Islands (the new name is Hawadax Islands); the triangles show the locations of the four seismic stations
used in the aftershock relocation; the headed-on arrows show the compressive force divections. The earthquake
sequence occurred in the region where the Bowers Ridge and the Aleutian Trench (subduction zone) meet.

The left panel (a) shows the earthquakes that occurred seven and half years before the
occurrence of the Mw 7.9. The events within the rectangular are those that occurred in
the source region. The right panel (b) shows the earthquakes that occurred after the
occurrence of Myy 7.9. The aftershocks formed a trend in the northwest direction.

To analyze the seismicity along the vertical direction, we simulated a spatial plane
using the hypocenters of 90 earthquakes with magnitudes > 4.0, which occurred
below the depth of 80 km from 2007-0101 to 2014-0622. The simulated strike is Az
276.8°; the dip angle is 47.7°. The plane dips at Az 6.8°. Then we projected the
hypocenters of earthquakes onto a vertical plane that is parallel to the dipping direc-
tion. Figure 4 shows the hypocenter projection comparison for the same earthquakes
in Figure 3. The left panel (a) shows that the hypocenter projections beneath about
90 km are along with a dipping of 47.7° direction. Coincidently the hypocenter
distribution trend of the aftershocks in the right panel (b) is also approximately along
this dipping direction. The trend is neither in the dipping direction of the steep-dip
plane nor in the dipping direction of the shallow-dip plane.

To observe the spatial distribution features of the aftershocks of the My 7.9, we
simulated a spatial plane using the hypocenters of 184 aftershocks, of which the magni-
tudes > 4.0. The simulated strike is 201.7°; the dip angle is 39.4°. The plane dips at Az
291.7° (from north to west 68.3°). These parameter values are close to those of the nodal
plane P1 (strike Az 207.4°, dip angle 27.1°, dips at 297.4°; Table 1). Figure 5 shows the
hypocenter projections onto a vertical plane, which is perpendicular to the strike of the
simulated plane. It is found that the hypocenters of the aftershocks were distributed
approximately along the simulated dipping direction (39.4°).
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Figure 3.
The epicenter comparison for earthquakes with magnitudes > 4.0, occurred about 7 and half years before and after
the Mw 7.9 mainshock, in the mainshock region and its vicinity. (a) the earthquakes occurved 7 and half years
before the occurrence of the Mw 7.9 (between 2007-0101 and 2014-0622). (b) the earthquakes occurred after the
occurrence of the Mw 7.9 (between 2014-0623 and 2022-0220). The earthquakes in the rectangle of the left panel
are in the source region of the mainshocks. The star with the number 7.9 shows the initial location of the My, 7.9
mainshock. The catalog was retrieved from IRIS.
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The hypocenter projection comparison for the same earthquakes in Figuve 3. (a) The hypocenter projections show
the seismic activity along the dipping divection of a simulated spatial plane. The simulation was performed using
the hypocenters of 90 earthquakes with magnitudes > 4.0, which occurred below the depth of 8o km from
2007-0101 to 2014-0622. The simulated strike is Az 276.8°% the dip angle is 47.7°. The plane dips at Az 6.8°.
The velatively narrow seismicity belt below the ved star may be assumed to be close to the boundary between the
Pacific Plate and the North American plate beneath the Rat Islands region. The red star shows the initial location
of the mainshock. (b) The hypocenter projections of earthquakes occurred between 2014-0623 and 2022-0220.
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To further observe the spatial distribution trend of the aftershocks, we projected
the hypocenters onto two vertical planes. The left panel of Figure 6 a shows the
hypocenters projected onto a vertical plane at a steep-dipping direction. The tilted
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Major double couple: moment = 9.16 Prin. val. Dev. part Azimuth Plunge

P1: strike dip  slip dipping at 297.4 (shallow-dip) P —8.895  —9.159 19250  44.47
2074 271 127

P2: strike dip slip dipping at 38.7 (steep-dip) T 9.088 8.825 61.10 33.97
308.7 84.2 -116.5

Minor double couple: moment = 0.33 N 0597 0.334 311.60  26.36

P1: strike dip  slip Isotropic part: moment = 0.26 (trace = 0.78)
932 448 -6.6

P2: strike dip  slip
1879 853 -—134.7

Note: prin. val. vefers to the principal axis value (10°°Nm); dev. part refers to the deviatoric part (10°°Nm); P, T, and N
mean the compressional, tensional, and null components. P1 and P2 mean nodal planes 1 and 2. The unit for the strike,
dip, slip, and dipping is the degree (°), and for the moment is 10°°Nm. Compared to the scalar moment of the major
double couple, the isotropic part (ISO) is 2.88%, and the minor double couple is 3.64%. The inversion was performed
using a depth of 105 km.

Table 1.
A full moment tensor solution for the Rat Islands My, 7.9 mainshock.
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Figure 5.

Hypocenter projections onto a vertical plane, perpendicular to the simulated spatial plane using the hypocenters of
184 aftershocks, of which the magnitudes > 4.0. The ved star shows the initial location of the mainshock. The
simulated strike is 201.7° the dip angle is 39.4°. The plane dips at Az 291.7° (from north to west 68.3°). These
parameter values are close to those of the nodal plane P1: strike Az 207.4°, dip angle 27.1°, dips at 297.4° (Table 1).

dashed line indicated with the P2 projection shows the projection of the steep-dip
plane (P2). Generally, those aftershocks should form a linear trend around that tilted
line, if the plane P2 is the real rupture plane. The right panel (b) shows the hypocen-
ters on a vertical plane in a shallow-dipping direction. In the same sense, those
aftershocks should form a linear trend around that tilted line indicated with P1
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Figure 6.

The comparison between hypocenters projected onto dipping planes for the same earthquakes is in Figure 3 (b).
(a) The hypocenter projections on a vertical plane at a steep-dipping direction. The tilted dashed line indicated
with the P2 projection shows the projection of the steep-dipping plane (P2). Ideally, those aftershocks should be
approximately aligned avound that tilted line, if the plane P2 is the rupture plane. (b) The hypocenter projections
on a vertical plane at a shallow-dipping divection. The tilted dashed line indicated with the P1 projection shows the
projection of the shallow-dip plane (P1). The trend of the belt formed by the aftershocks is not consistent with the
P1 projection; the trend has a moderate dipping. Both panels show that most aftershock activities were from a depth
of about 80 km to 150 km.

projection, if P1 is the real rupture plane. The trend of the belt formed by the after-
shocks in (a) or (b) is not consistent with the P2 projection or P1 projection.

4, Method introduction

To perform source parameters studies on the My, 7.9 mainshock and its larger
aftershocks we used several advanced methods. These methods are introduced briefly
in this section.

4.1 Method used to obtain a full moment tensor

An earthquake source can be described using a seismic moment tensor. The moment
tensor can be decomposed into three parts: an isotropic (ISO), double-couple (DC), and
compensated linear vector dipole (CLVD) part (e.g., [10]). It can also be decomposed
into an isotropic (ISO), a major double-couple, and a minor double-couple part (e.g.,
[11]). The seismic moment is a 3 x 3 matrices. In linear algebra, a complex matrix can
be expressed by the summation of several simple, independent matrices. Applying this
principle, Kikuchi and Kanamori [12] expressed an arbitrary moment tensor by sum-
ming six different constant moment tensors. Given an earthquake hypocenter and earth
model, each of the constant tensors is used to generate Green’s functions and obtain
three-component synthetic seismograms at a given seismic station.

There are several ways to generate Green’s functions depending on the wave type
used. As the Myy 7.9 Rat Islands earthquake was large, we used a long-period Rayleigh
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wave fitting method to obtain its moment tensor. Green’s functions were generated
using the normal modes summation method [13].

Once Green’s functions are obtained, synthetic seismograms are calculated using a
set of coefficients. A moment tensor inversion is to search for a set of the coefficients
used to generate synthetic seismograms, which should be as similar as possible to the
observed seismograms in shapes and amplitudes. To do this, two functions are often
separately used. One function is to calculate the correlation between the synthetic and
the observed seismograms using:

L TX)0,®)
VZXA(6) 00 (8)

where the subscript j is an ordinal number of the digital recording; i is the data
time point index in the observed or the synthetic seismograms. O;(t;) is a segment of a
digital record; X;j(t;) is a segment of a synthetic seismogram corresponding to O;(t;).

The second function is to calculate the amplitude differences between the
synthetic and the observed seismograms:

ey

2
_ >oilX(ti) x a0 — 0j(ti)] )
N ;
The factor a is a constant, determined using the following function:
1 a O] (t)max 20
ao —N;m x 10 dynewm (3)

where N is the number of records used in the inversion.

We, first, use function (1) to obtain a preliminary moment tensor solution, then use
(3) to obtain 4, and use (2) to obtain a solution. The procedure is repeated many times to
find a target set of coefficients when function (2) is at its minimum. Then the moment
tensor is calculated using the target set of coefficients. We used the procedures developed
by Ma and Adams [14] for simultaneous waveform shape and amplitude inversion.

4.2 The method to determine focal depth using arrival time difference pP-P

Crotwell, et al. [15] developed a Taup Toolkit, called “Flexible Seismic Travel-
Time and Raypath Utilities.” Using this tool, the travel times for many seismic phases
can be calculated.

We developed a procedure [16] using the relationship that the time duration
between the tele-depth phase pP and its reference phase P is roughly positively
proportional to the focal depth, to determine focal depths for the larger aftershocks of
the Rat Islands, My 7.9 earthquake.

1.For a given station, we pick out the station distance from the SAC record at the
station;

2.We select a possible depth range;

3.Using the station distance and a range of depth, with the Taup tool we calculate
several time durations between the tele-depth phase pP and its reference P;
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4.Using Matlab, we plot a line determined by the focal depths and the
corresponding calculated time durations pP-P, and obtain a linear formula;

5.Put the measured time duration pP-P at the selected station in the formula, the
calculated focal depth for the aftershock is obtained;

6.For several stations at which the time durations pP-P are measured, several focal
depth solutions are obtained, and the average is used as the final solution for the
earthquake.

4.3 Earthquake locating method

Earthquake hypocenter parameters are fundamental information for studying
earthquakes, as such many people have contributed to earthquake locating methods
and computer programs. The hypocenter locating program that we used is a part of a
computer program package called SEISAN. The SEISAN (seismic analysis system) is a
complete set of programs for analyzing earthquakes. With SEISAN it is possible to
locate events, determine spectral parameters, seismic moments, and so on. The hypo-
center locating program used in this article in the SEISAN package is a modified
version of HYPOCENTER [17-19].

4.4 The method to set up a source rupture model

The commonly used procedure to set up an earthquake rupture model is described
below. One of the nodal planes obtained from a seismic moment tensor is used as the
earthquake rupture plane. Usually, the x-axis is along the strike direction, and the
y-axis is along the dip direction. The selected rupture plane is divided into M x N
sub-faults with lengths of dx and dy. Each sub-fault is treated as a point source and the
synthetic seismogram at each seismic station is the summation of the synthetic
seismograms generated by all of the sub-faults. The source time function of a sub-fault
is usually depicted as overlapped triangles. The layout of the source rupture model can
be found in Hartzell and Heaton [20].

A unit constant rupture slip vector for each sub-fault is divided into two orthogonal
vector components (one aligned along the strike and the other aligned along the dipping
direction). Any slip vector on the sub-fault is obtained by multiplying the two constant
vector components with appropriate coefficients. The goal of the inversion method is to
obtain the coefficients of all of the sub-faults. The slip function (source time function)
of each sub-fault is depicted by overlapped L triangles with a rise time 7, which is half
the length of the bottom side of the triangle. The initial constant unit slip direction
(slip0) of each sub-fault is the slip of the selected nodal plane. The initial slip is
separated into two components in the directions of (slipO + 45°) and (slipO - 45°). This
breakdown is convenient for Green’s functions calculations.

If we assume that on a sub-fault mn (m =1, -, M;n = 1, ---, N) at the k™ component
direction (k = 1, 2), the slip corresponding to the It triangle is X,,,;x and the vertical
component of the Green’s functions generated at station j is g, at the same station
the vertical component of the synthetic seismogram, Wj, generated by all sub-faults at
the time point t;, is expressed as:

Wj(ti) = Zanlkgmnkj(ti - (l - 1)77 — Topp — dlmn) (4)

mnlk

13



Earthquakes - Recent Advances, New Perspectives and Applications

where Ty, is the rupture start time at the mn™ sub-fault and dl,,, is a time delay
generated by the different travel path lengths between the P-waves generated by the
mn'™ sub-fault and the rupture start sub-fault mono (hypocenter). The set of X,,,,.;;, that
can generate a W; , which is most similar to the observed seismogram at station j, is the
best fitting rupture model for the earthquake.

In this study, two methods were used to determine the rupture slip distribution—
the non-negative least squares (NNLS) method [21] and the simulated annealing (SA)
method [22]. For most trial inversions, we used the NNLS method, while the SA
method was used at the final step to confirm the solution obtained with NNLS.

The smoothness constraint of the total spatial slip distribution was implemented by
a Laplacian differential operator to stabilize the slip solution [23]. To calculate the
time delay dl,,,, in function (5), a rupture velocity is required. To calculate Green’s
functions, we need an initial focal depth, which is also required to obtain a reasonable
slip distribution.

5. The source parameters obtained using the methods introduced above

Using the methods introduced above we studied the source parameters for the
mainshocks and relocated its larger aftershocks that occurred about 20 days following
the mainshock. In this section, we present those results.

5.1 Full moment tensor inversion for the My 7.9 Earthquake

Using the method outlined above, we performed the full moment tensor inversions
for the Rat Islands earthquake using a range of focal depths and provided the moment
tensor solution obtained using a focal depth of 105 km.

5.1.1 Rayleigh wave records

Since the Rat Islands Myy 7.9 earthquake was very large, it generated very strong
Rayleigh waves, recorded at stations throughout the world. Hundreds of these wave-
form records were on the LHZ (long period, high gain, and vertical component)
channel. We selected vertical records from 57 stations, filtered those records with a
band-pass filter of 135 s to 500 s, and decimated the sampling interval from 1sto 10 s.
When the velocity of the mantle waves is assumed to be on the order of 3 km/s, the
shortest wavelength is on the order of 400 km, which was approximately seven times
of the rupture length of this Myy 7.9 earthquake. For such long-period mantle waves,
the earthquake source can be treated as a point source.

5.1.2 Full moment tensor inversions

We conducted the following tests using a depth range from 80 km to 120 km with
a depth increment of 5 km. For each focal depth, (1) we calculated the Green’s
functions, (2) took the same length for the observed Rayleigh wave record aligned
with the synthetic seismogram, calculated at the focal depth, and (3) performed a full
moment tensor inversion. The used source time function was three overlapping tri-
angles. The time length of each bottom side was 20 s. Table 1 lists the obtained
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parameters for the full moment tensor solution using our preferred focal depth of
105 km. Compared to the scalar moment of the major DC in Table 1, the isotropic
(ISO) is 2.88%. At all other depths from 80 km to 120 km (not listed), the ISO as a
percentage of the total seismic moment was less than 6%. The smallest ISO occurred at
the depth of 95 km.

The trace (trace = 3 x ISO; e.g., [11]) obtained in our inversions was small. As the
trace quantifies a volume change in the source region (e.g., [11]), the small trace
implied that the change of the earth’s material volume in the source region was small.
Compared to the major DC moment in Table 1, the minor DC moment was only
3.64%. The small minor DC and small ISO moments imply that the Rat Islands
mainshock was dominated by a major DC event.

To evaluate the creditability of the solutions we need to compare the synthetic
seismograms with those of the observed ones. Figure 7 shows the moment tensor
projection and the waveform comparison for the first four pairs of seismograms. The
similarities between the synthetic and observed seismograms in both the waveform
shapes and the maximum amplitude ratios were good. Other pairs at the remaining 53
stations had a similar quality. The good waveform fit implies that the moment tensor
solution obtained is reasonable.

£ (s)
(b)

Figure 7.

(a) The lower hemispherical projection of the moment tensor solution obtained using a depth of 105 km. (b)
Comparison between the first 4 observed and synthetic seismograms used in the inversion. For each pair, the upper
trace is the observed (solid line), and the lower trace is the synthetic (dashed-line), generated with the solution
displayed in panel (a). Both the observed and synthetic waveforms were filtered with a band-pass filter in the
range of 135 s to 500 s. The symbols and numbers on the left side of each pair from the top to the bottom indicate
the station name, vertical component, station distance in degree, station azimuth in degree, and the ratio between
the observed and synthetic maximum amplitudes. The waveform shape similarity and the small bias of the ratios
from an ideal case (vatio = 1) show that the fit is good.
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5.2 Relocation of aftershocks with magnitude > 4.5

There are two nodal plane solutions in Table 1. One nodal plane is close to the
rupture plane of the My 7.9 mainshock. The hypocentral distribution of the aftershocks
could help us to identify which nodal plane is close to the rupture plane. The require-
ment is that the errors in the hypocenters should be small. To obtain a distribution of
hypocenters with small error, the aftershocks with magnitude > 4.5 were relocated.

The error in the focal depth obtained using a conventional method may be large. The
reason is that the travel times of the P and S phases are dominated by the station
distance, not the focal depth. We used a combined procedure to relocate the aftershocks.

We searched tele-depth phase pP from the vertical component (BHZ) of
teleseismic P-wave records retrieved from IRIS for 23 aftershocks that occurred

No Date Time Lat. Lon. Depath m  t-err lat-err lon-err
1 2014-6-23  21:11:39.4  51.867  178.451 110.4 6.0 0.40 6.1 2.7
2 2014-6-23  21:30:44.7 51850  178.363 110.3 6.0 031 4.9 21
3 2014-6-23 22:03:27.1 52.064  178.471 126.7 51 0.52 7.8 3.6
4 2014-6-23  22:18:358  52.066  178.323 137.2 48 0.48 7.6 3.4
5 2014-6-23  22:29:50.4  51.949  178.593 113.5 6.0 045 6.5 31
6 2014-6-23 22:47:51.7 52.012 178.421 128.5 4.8 0.33 5.1 2.3
7 2014-6-23  23:33:51.4  51.923  178.391 109.2 45 033 5.0 2.3
8 2014-6-23  23:39:31.5  51.972  178.525 122.4 47 048 72 33
9 2014-6-24  00:52:27.0  51.889  178.418 110.0 5.8 0.34 5.1 2.3
10 2014-6-24 01:20:11.2 51.821 178.584 108.2 4.7 0.28 4.2 1.9
11 2014-6-24  04:33:04.8  52.029  178.444 1311 45 0.47 72 33
12 2014-6-24 06:20:21.0 52.048  178.384 127.4 5.2 0.26 3.9 1.8
13 2014-6-24  06:5529.2  52.001  178.446 123.6 49 043 6.5 3.0
14 2014-6-24 15:15:03.1 51.963 178.445 118.3 4.6 0.45 6.7 3.1
15 2014-6-25 00:03:03.9  51.983 178.452 121.9 51 0.32 4.9 2.2
16 2014-6-27 14:24:47.2 52.025  178.430 125.7 4.5 0.34 5.2 2.4
17 2014-6-28  16:224:35.0  52.020  178.393 122.8 46 029 4.4 2.0
18 2014-6-29 08:54:44.4  51.806 178.528 92.3 4.8 0.59 8.5 4.0
19 2014-7-03  04:43:40.7  51.929  178.571 118.3 50 0.47 6.4 2.7
20 2014-7-03  19:06:47.2  52.020  178.428 124.7 58 030 42 1.8
21 2014-7-04 13:57:38.1 51.978 178.477 119.4 4.5 0.48 7.2 33
22 2014-7-08 14:43:31.3 52.056 178.455 116.2 5.3 0.35 5.0 2.4
23 2014-7-11  05:53:25.6  51.847  178.508 101.0 47 0.8 8.6 4.0

Note: lat. means latitude (°); lon., longitude (°); depth in km; m, magnitude; t-err, errov in the origin time (s); lat-err,
evror in latitude (km); lon-err, error in longitude (km). The magnitude values ave from the IRIS database. The bold text
shows the 5 larger aftershocks.

Table 2.
Catalog of the 23 velocated aftershocks.
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between June 23 and July 11, 2014, with magnitude > 4.5, and determined focal depths
for these 23 aftershocks using depth phase pP [16]. Then the arrival times of the
recorded P and S phases at the same four regional stations for these 23 aftershocks
were carefully measured, and the SEISAN [24, 25] was used to locate the epicenters at
the focal depth obtained using the depth phase pP. The re-located 23 aftershocks were
listed in Table 2.

The bird-view distribution of the obtained 23 hypocenters in Figure 8 shows that
the hypocenters are separated into two groups. Group 1 was formed by the hypocen-
ters with the lighter color, while group 2 was formed by the hypocenters with the
deeper color. Figure 9a shows the hypocenter projection onto a vertical plane per-
pendicular to the steep-dip plane (nodal plane 2). Eleven (11) aftershocks in group 2
formed a linear trend in the steep-dipping direction. The other hypocenters are
scattered. Figure 9b shows the hypocenter projection onto a vertical plane, perpen-
dicular to the shallow-dip plane, indicated with P1 projection (nodal plane 1). No
linear trend was formed by the hypocenters at the dipping (27.1°) direction of the
shallow-dip plane.

In order to observe a spatial trend, we simulated a plane using the hypocenters of
the 23 well relocated aftershocks. Figure 10 shows the simulated spatial plane. Its
strike is at Az 258.2°; its dip angle is 44.8°. To clearly observe the dipping of the
simulated plane we projected the hypocenters of the mainshock and the 23 aftershocks
onto a vertical plane which is along the simulated dipping direction. Figure 11 shows
that most hypocenters were distributed along the tilted line, the projection of the
simulated plane, at dip angle 44.8°. This angle is close to the one (47.7° in Figure 4a)

50

a0l
30}
20} -

10

Dist.(km) from mainshock along latitude®

-30 -20 -10 0 10 20 30
Dist.(km) from mainshack along longitude®

Figure 8.

Distribution of the epicenters for the mainshock and the 23 relocated aftershocks. Each solid circle shows an
epicenter. It was color-coded with focal depth. A deeper color shows a deeper depth. The size of each circle is
proportional to the magnitude. The epicenters are separated into a shallower group (group 1) and a deeper group
(group 2). The strike and the dipping divections of two nodal planes of the mainshock were indicated with strike 1
and dipping 1 (shallow-dip plane); strike 2 and dipping 2 (steep-dip plane), respectively. The latitude and
longitude of each epicenter were converted to a Cartesian coordinate system for distance comparison. The star with
Muw 7.9 shows the epicenter of the mainshock.
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Figure 9.

Hypocenter projections. (a) The hypocenters of the mainshock and the 23 relocated aftershocks projected onto a

vertical plane that is perpendicular to the steep-dip nodal plane (P2). The tilted dashed line indicated with 84.2°
is the projection of the steep-dip plane. The number 84.2 is the dip angle. Eleven (11) aftershocks in group 2

formed an about 15 km linear trend along the steep-dip plane. (b) The hypocenters of the mainshock and the 23
relocated aftershocks are projected onto a vertical plane that is perpendicular to the shallow-dip plane (P1). The

tilted dashed line indicated with 27.1° is the projection of the shallow-dip plane. It was found that no linear trend
was formed along a nodal plane (P1).
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Figure 10.

The simulated spatial plane uses the hypocenters of the 23 well-relocated aftershocks (Table 2). The simulated
strike is Az 258.2° the dip angle is 44.8°. The plane dips at Az 348.2° (from north to west 11.8°). The red star
shows the initial location of the mainshock.
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Figure 11.

Thgeuhypocentem of the mainshock and the 23 relocated aftershocks are projected onto a vertical plane that is along
the simulated dipping direction (perpendicular to the simulated spatial plane. The tilted dashed line indicated
with 44.8° (dip angle) is the projection of the simulated plane. The ved star shows the initial location of the
mainshock. The velatively narrow seismicity belt may be assumed to be close to the boundary between the Pacific
Plate and the Novth American plate beneath the Rat Islands region.

obtained by simulating hypocenters of the earthquakes occurred before the
mainshock. They are neither close to the steep-dip angle 84.2° nor the shallow-dip
angle 27.1°. The trend may be close to the boundary between the Pacific plate and the
north America plate beneath the Rat Islands region.

5.3 Source rupture inversions for the Rat Islands Myy 7.9 earthquake

We performed the source rupture inversions for the Rat Islands earthquake
using the procedure outlined above and the inversion code developed by
Kikuchi and Kanamori, provided by Lingling Ye (personal communication) with a
subroutine we revised to speed up the calculations of the Green’s functions.

5.3.1 Initial depth selection for the rupture model

For the Rat Islands mainshock, the focal depth published online by ISC is 102.1 km; the
centroid depth calculated by the G-CMT group is 104.3 km. The shallowest focal depth for
the 23 aftershocks we relocated is 92.3 km. From the consideration that 104.3 km is the
centroid depth, the mainshock is a large one with normal faulting, the rupture initial point
may be shallower than the centroid depth by tens of kilometers; therefore, we took 92 km
as the initial rupture depth. This value is close to that (95 km) used by Ye et al. [3].
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5.3.2 Source rupture inversion results using the steep-dip nodal plane

In the rupture inversion procedure, the nodal plane 2 of the full moment tensor
solution obtained using a depth of 105 km, was used as the rupture plane (Table 1;
strike 308.7°, dip 84.2° and slip -116.5°). The epicenter (51.7028°N; 178.6428°E) used
in the inversion was retrieved from the IRIS website. The fault model dimensions are
270 km x 210 km, while the size of each sub-fault is 15 km x 15 km. The total number
of sub-faults is 252.

To perform the source rupture inversion, we needed a rupture propagation
velocity (V). The rupture velocity (VR) is often assumed to be a fraction of the shear
wave velocity (). For example, Stein and Wysession [26] assumed a formula Vy =
0.7p. To obtain a proper rupture velocity, we performed trial inversion tests using a
Vg from 1.3 km/s to 2.6 km/s with an increment of 0.1 km/s. Figure 12 shows the
variance (the misfit between the observed and the synthetic waveforms) change with
rupture velocity when the initial rupture depth was taken 92 km. The minimum
variance (0.1570) occurred at a Vg = 2.0 km/s.

Figure 13 shows the source time function and the final slip distribution obtained
using an initial depth of 92 km and a Vg = 2.0 km/s. The initial point is indicated by a
star sign *. The largest slip (3.52 m) occurred at a depth of about 120 km. The rupture
area is about 60 x 60 km”. Figure 14 shows a waveform comparison between the
observed and synthetic seismograms. The fit in each pair between the observed
(upper) and synthetic (bottom) traces was generally good, except that at station AAK.
This station is in the strike direction of the steep-dip nodal plane.

5.3.3 Source rupture inversion vesults using the shallow-dip nodal plane

Based on the well-relocated hypocenter trend, we used the steep-dip plane as the
rupture plane. This was the same as that by Twardzik and Ji [5]. However, Ye et al. [3]
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Figure 12.
The variance changes with rupture velocity. The minimum variance occurred at a ruptuve velocity of 2.0 km/s.
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Figure 13.

(a) Lower hemispherical projection of the double couple focal mechanism (Table 1). (b) Source time function. (c)
Distribution of the slip on the steep-dip nodal plane (Table 1). The star sign *with “start point” shows the location
of the initial rupture. The arrow at a sub-fault shows the direction and the amount of the slip. The maximum slip
was about 3.52 m and occurred at a depth of about 120 km. The used rupture velocity Vg = 2.0 km/s, at which the
variance veached the minimum (Figure 12). The dashed circles show the rupture propagation.

found that the back-projection images were more straightforwardly reconciled with
the shallow-dip plane. They also found their waveform misfits were comparable when
the steep-dip plane or the shallow-dip plane was used as the causative plane, and some
signals were better fitted using the steep-dip plane. As a result, their preference for the
shallow-dip plane was mild. We also performed trial inversion with the key parame-
ters used by Ye et al. [3], Vg = 1.5 km/s, and the initial depth = 95 km. Figure 15 shows
the rupture distribution we obtained. The largest slip (3.33 m) occurred at a depth of
about 115 km within the largest patch. Figure 16 shows a waveform comparison
between the observed and synthetic seismograms. The fit in each pair between the
observed (upper) and synthetic (bottom) traces was also good.
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Figure 14.

Comparison between the 27 observed and synthetic seismograms. For each pair of waveforms, the upper trace is the
observed (solid line), and the lower trace is the synthetic (dashed-line), generated with the slip distribution in
Figure 13c. Both the observed and synthetic waveforms were filtered with a band-pass filter in the range of

0.01 Hz to 0.1 Hz. The symbols and numbers on the left side of each pair from the top to the bottom indicate the
station name, P-wave vertical component, station azimuth in degrees, and the ratio between the observed and
synthetic maximum amplitudes. As shown, the observed and the synthetic seismograms have a good fit in shape,
except at station AAK. The average variance is 0.1570. All the ratios between the maximum amplitudes are close
to 1 (the ideal case), except at station AAK. This station is in the strike divection of the steep-dip plane.

To observe the misfit between the observed and the synthetic seismograms, we
found the fit at station AAK (Az 308°) was better in Figure 16 than that in Figure 14.
Ye et al. [3] found that the shallow-dip fault plane toward the northwest provides
better matches to P waveforms at azimuths from 300° to 340° (their Figure S2) than
does the steep-dip fault plane solution (their Figures S3 and S4). This result is exactly
the same as that we obtained.

To confirm that the record at AAK does not have a problem, we retrieved the
records in the station AAK region, plotted the seismograms, and found the waveform
shapes are similar (Figure 17). This implies that the recording quality at AAK does not
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Figure 15.

(a) Lower hemispherical projection of the double couple focal mechanism (Table 1). (b) Source time function. (c)
Distribution of the slip on the shallow-dip nodal plane 1 (Table 1). The star sign * with “start point” shows the
assigned location of the initial ruptuve. The arrow at a sub-fault shows the direction and the amount of the slip.
The obtained maximum slip is about 3.33 m, occurred at about a depth of 115 km. The used rupture velocity

Vg = 1.5 km/s. The dashed circles show the rupture propagation.

have a problem, so the better waveform fit at AAK support to select the shallow-dip
plane as the rupture plane.

5.3.4 Source rupture inversion results using the simulated plane

Based on the simulated spatial plane obtained using the well-relocated hypocen-
ters, we found the majority of the hypocenters distributed around a mild dipping
plane (Figure 11; dip 44.8°). We may assume that the mainshock ruptured on that
plane. We performed trial inversions with the values of input parameters, rupture
velocity Vg = 1.5 km/s, and the initial depth = 95 km. Figure 18 shows the rupture
distribution obtained. Figure 19 shows a waveform comparison between the observed
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Comparison between the 27 observed and synthetic seismograms. For each pair of waveforms, the upper trace is the
observed (solid-line); the lower trace is the synthetic (dashed-line), generated with the slip distribution in

Figure 15c. The observed waveforms ave exactly the same as those in Figure 14. The overall fit between the
observed and the synthetic seismograms is also good. The fit at station AAK is better than that, and the average
variance (0.1545) is slightly smaller than that, in Figure 14.

and synthetic seismograms. The observed waveforms are exactly the same as those in
Figure 16. The fits at stations AAK, KIP, and MIDW are not good; the ratio of the
maximum amplitudes at several stations is not close to 1 (the ideal ratio is 1). The
average variance (0.2720) is larger than those in Figures 14 and 16. The obtained
maximum slip is about 3.36 m, which occurred at about a depth of 70 km within a
smaller patch. Logically the maximum slip should occur at a depth below the initial
depth (95 km), owing to the normal faulting. Since the misfit at several stations is not
good, the ratio between the observed and synthetic maximum amplitudes at several
stations is far from the ideal value, and the maximum slip occurred at a too shallow
depth, the simulated plane is not acceptable to be the rupture plane.
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Figure 17.

Vertical P-wave displacement records in station AAK region (63°N-66°N; 50°W—54°W). It is clear that the
shapes of these waveform records are similar, showing that the record at AAK does not have a problem. Along the
bottom trace, UCH/BHZ three ruptures ave indicated. The first one is small, the second one is larger, and the third
is a combination of at least two large ruptures. The station (UCH) distance is 7300 km.

6. Discussion and conclusion

This My 7.9 event intrigued scientific interests and generated issues. In this
section, we discuss some issues and provide some conclusions.

Beneath the Rat Islands at a depth of 100 km, the shear wave velocity is about 4.5
km/s. Using the PREM earth model and the assumed rupture velocity formula Vy =
0.78, Vg = 0.7 x 4.5 = ~ 3.1 km/s. This value is much larger than what was obtained
using the back-projection method (1.5 km/s) by Ye et al. [3]. The average rupture
velocity obtained by Twardzik and Ji [5] was 2.4 km/s from modeling the steep-dip
plane and 2.3 km/s from the shallow-dip plane. The optimal rupture velocity we
obtained from trial inversion tests at the initial depth of 92 km was 2.0 km/s. For the
trial tests with an initial depth of 84 km, the optimal rupture velocity was 1.8 km/s,
and 2.1 km/s at the initial depth of 105 km. Therefore, the rupture velocities of around
2.0 km/s may be reasonable for the Rat Islands Myy 7.9 earthquake.
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Figure 18.

( a%rlzower hemispherical projection of the simulated focal mechanism. (b) Source time function. (c) Distribution
of the slip on the simulated plane. The star sign * with “start point” shows the assigned location of the initial
rupture. The arrow at a sub-fault shows the direction and the amount of the slip. The obtained maximum slip is
about 3.36 m, occurred at about a depth of 70 km. The used rupture velocity Vg = 1.5 km/s. The dashed circles
show the rupture propagation.

Two nodal planes can be retrieved from an earthquake moment tensor solution.
One of them is assumed to be close to the rupture plane and used for establishing a
rupture slip model. Ye et al. [3] preferred the shallow-dip plane for rupture modeling.
Twardzik and Ji [5] relocated larger aftershocks. Based on the relocated hypocenters
they selected the steep-dip plane as the rupture plane. When Miyazawa [6] calculated
the dynamic changes in the Coulomb Failure Function for the My 7.9 mainshock, the
shallow-dip plane of the G-CMT was used. Macpherson and Ruppert [2] relocated the
aftershocks. They found that the seismicity is dipping at a moderate angle to the
northwest and does not align well with any dip. They also found the shallow-dip plane
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Comparison between the 27 observed and synthetic seismograms. For each pair of waveforms, the upper trace is the
observed (solid-line); the lower trace is the synthetic (dashed-line), generated with the slip distribution in

Figure 18¢c. The observed waveforms are exactly the same as those in Figure 16. The fits at stations AAK, KIP,
and MIDW are not good; the maximum amplitudes ratio at several stations is not close to 1 (AAK 2.58; BFO
0.37; KBS 0.47; MIDW 0.46; TARA 0.46). All these numbers ave far from the ideal ratio (1). The average
variance (0.2720) is also larger than those in Figure 14 (0.1570) and Figure 16 (0.1545).

does align well with the mainshock hypocenter, so they preferred the moderately
dipping nodal plane as the rupture plane of the Myy 7.9 mainshock. Florez and Prieto
[7] recalculated the focal depths for a subset of 17 My, > 4.9 aftershocks using the time
difference between a tele-depth phase pP and direct P phase. Based on their results
they confidently assigned the causative fault plane to the steep one. To identify which
nodal plane is close to the rupture plane we also relocated the larger aftershocks. We
carefully recalculated the focal depths using pP-P times and relocated the epicenters at
the recalculated depths for 23 aftershocks with mb > 4.5, which occurred within 20
days after the mainshock. We found a linear segment about 15 km long formed by 11
aftershocks in the deeper group (Figure 9a) is approximately parallel to the dipping of
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the steep-dip plane, but no linear segment along the dipping of the shallow-dip plane
was formed (Figure 9b). Based on the above features we deduced that the steep-dip
nodal plane is close to the rupture plane of the mainshock.

When the steep-dip plane was used as the rupture plane, the major rupture patch
we retrieved was distributed in a depth range from about 80 km to 140 km (Figure 13,
the largest patch). The maximum slip we obtained was about 3.5 m, which was well
consistent with that (3.7 m) obtained by Twardzik and Ji [5].

We also performed trial inversion using the shallow-dip plane as the rupture plane
and found the average variance (0.1545) is almost the same as that (0.1570) obtained
using the steep-dip plane. This implies that the rupture plane indeed cannot be
identified using the mismatch between the observed and synthetic seismograms.

Since the majority of aftershocks are distributed along a moderate-dipping plane, it
may be thought that the mainshock ruptured along the moderate-dipping plane. Test
inversions using the simulated plane as the rupture plane were performed. It was found
that the waveform fits at stations AAK, KIP, and MIDW are not good; and the ratio of
the maximum amplitudes at several stations is far from the ideal ratio. The average
variance (0.2720) is much larger than those in Figures 14 and 16; so, the simulated
moderate-dipping plane was denied to be the rupture plane of the mainshock.

Based on the assumption that the immediate aftershocks occurred on the rupture
plane of the mainshock or near the edges of the rupture [27], aftershock distributions
are often used to select the rupture plane from the two nodal planes. When Kikuchi
and Kanamori [28] studied the 1994 Shikotan Myy 8.2 earthquake, they found the
aftershocks seem to favor the steep nodal plane as the fault plane. The steep-fault
model resulted in a better waveform match than the shallow-dip fault model. Delouis
and Legrand [29] found that the aftershocks of an intermediate-depth large earth-
quake delineate a low angle plane, and the low angle fault model provides a much
better fit for the strong-motion waveforms. However, for this My, 7.9 earthquake, the
majority of aftershocks were distributed neither along the steep-dip, nor the shallow-
dip nodal plane. The waveform fits for both nodal planes are almost the same.

A hypothesis may be able to explain that the majority of aftershocks occurred
along a moderate-dipping plane, which may be close to the boundary between the
Pacific plate and North American plate beneath the Rat Islands region—most parts of
the huge rupture fault were immediately locked under a tremendous pressure blow
about 80 km of the depth after the occurrence of the mainshock, the stress in the
source region was re-distributed, and migrated to the boundary region beneath the
Rat Islands region, so most aftershocks distributed along that boundary, rather than
the rupture plane of the mainshock.

This huge earthquake is very unique. For example, it had a vigorous aftershock
sequence; other intermediate-depth earthquakes were usually followed by few or no after-
shocks [1]. Solve the mysteries behind the observed phenomena requires more studies.
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Chapter 2

Investigation of the Dynamics of the
Seismic Regime in the Kamchatka
Region Based on the Combination
of Methods of Nonequilibrium
Thermodynamics and the Axiomatic
Method of Kolmogorov A.N.

Vadim Bogdanov and Aleksey Pavlov

Abstract

In the presented chapter, the preparation of an earthquake on the example of the
Kronotsky event that occurred on 1997-12-05 with a magnitude Mc = 7.7 is considered
from the standpoint of nonequilibrium thermodynamics, in which the evolution of
systems is due to self-organization processes. With this approach, the lithosphere is an
open nonlinear system in which, due to internal dissipation and the coordinated
interaction of its elements, a self-organization process can occur, leading the system to
a critical state. In this case, the scales of the connection between different parts of the
nonlinear structure change, that is, the scales of temporal and spatial correlation
change. However, the methods of seismological monitoring of the stress-strain
geoenvironment can be expanded if, for its study, the method of calculating the
probability distribution of earthquakes for various random events is used, based on
the axiomatic approach of Kolmogorov A.N., applied to the catalog of Kamchatka
earthquakes. This makes it possible to follow the dynamics of correlated spatial and
temporal changes in the probability distribution of random variables for weak earth-
quakes preceding a strong event using probabilistic methods.

Keywords: nonequilibrium thermodynamics, open systems, unstable dissipative
nonlinear systems, self-organization processes, Kolmogorov’s axiomatic method,
probability space, random variables and events, earthquake

1. Introduction

The study of the processes that determine the evolution of open physical systems
has led scientists to understand the fact that their development is due to unstable
dissipative nonlinear systems [1]. Moreover, the instability of open systems is
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understood as such that, at characteristic observation times, as a result of the influence
of minor external perturbations, it comes to a deviation in its state by an amount
comparable to the characteristic values of the quantities that determine this state. In
turn, an open nonequilibrium system that is in a stationary state far from thermody-
namic equilibrium, which is provided by a balance between energy dissipation within
the system itself and the influx of energy coming from outside, is called a dissipative
system or a dissipative structure [1]. In addition, in an open system, due to the
coordinated interaction of many of its elements through intensive (flow) exchange of
matter and energy with the environment in nonequilibrium conditions, an ordering
process (spatial, temporal, or spatio-temporal), called self-organization, can occur. In
other words, in such systems, the coordinated behavior of subsystems is observed, as a
result of which the degree of its ordering increases, i.e. entropy decreases. The
conducted research in the field of “dissipative structures” led to the conclusion that
the process of “self-organization” occurs much faster in the presence of external and
internal disturbances (noise) in the system. Thus, noise phenomena lead to an accel-
eration of the self-organization process.

It is clear that any real open physical system is continuously under the action of
small external and internal perturbations. Based on the most general considerations, it
can be assumed that an earthquake is the result of a manifestation of a certain set of
processes in the lithosphere, which is a nonlinear unstable system and which is under
the action of the background field of external disturbances. A regular process, deter-
mined by compression or extension of the lithospheric plate, or other physical and
chemical phenomena in a seismically active region on a global scale, is affected by a
certain set of external disturbances in a consistent system of geospheres, determined
by the system of solar-terrestrial relations. These perturbations excite the develop-
ment of various instabilities, ultimately leading to local (in the volume of the focus)
destruction of the structure, which is in a special limiting (critical) state. This state is
characterized by a certain but rather complex balance between fluctuations in the
system and its average characteristics, which determine the macroscopic state.

Thus, from the most general considerations, we can consider the preparatory stage
of an earthquake as the development of instability that forms in local areas of the
lithosphere against the background of external disturbances that arise in the chain
“Sun—heliosphere—magnetosphere—ionosphere—neutral atmosphere—lithosphere.”

The proposed work uses the catalog of earthquakes recorded by the Kamchatka
regional network of seismic stations of the Kamchatka branch of the Geophysical
Service of the Russian Academy of Sciences (KB GS RAS). This catalog can be divided
into two parts [2]. The first part includes events from 1962 to 2009. By 2010, the
approaches and methods for calculating the main parameters have changed, and the
conditions for the formation of the catalog in close to real time have developed. This
second part of the catalog contains data on earthquakes from 2010 to the present and
is formed with a delay of 1-7 days. The Kronotskoe earthquake (1997-12-05) falls into
the first part.

It should be noted that the greatest difficulties in processing the parameters of the
catalog arise when determining the depth of an event. Each real value of the depth
Ryeqr is within the corresponding error interval &+ A#h,,;; relative to the depth £,,,,,
calculated by a certain method. Strictly speaking, the relation %,.4; € her = Al
holds. That is, the real depth #,,,; can take any value from the set of values covered
by the interval /,,,.; = Ah,,;;. Therefore, in this fuzzy situation, we will be interested
not in some undefined value of the depth %,.,;, which falls somewhere in the
corresponding error interval, but in the depth value £,,,, itself, calculated according to
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a certain method, for which the error interval £A#,,;; is calculated. In this case, the
depth value £, is a fixed value and will depend only on the method of its calculation.
For a homogeneous catalog, this technique is the same for all calculated depths. In the
analysis carried out in this chapter, we will follow the dynamics of the trend, which
would indicate a tendency in the distribution of the depths of various “background”
earthquakes that form on large spatial scales, to group at the depth of the source of
the impending major event. In other words, we will be interested in the question: at
what depths 4,,,, do “background” events fall on the eve of a strong earthquake. At the
same time, we believe that the trend 4, reflects the general tendency of the real
depth £,,,; of “background” earthquakes to cluster at the source depth of a major
event. We will study this trend by probabilistic methods using wavelet decomposition
methods [3, 4].

If the error is taken into account and some of its numerical values A#,,;; are
specified, then in this case, events for which this error is greater than the specified one
will be filtered out of all earthquakes in the catalog for the period under consideration.
Naturally, in this case, the statistics will be reduced. Moreover, the smaller the given
error, the closer the value of the real depth £,,,, to the value %,,., the smaller the
statistics. In what follows, unless otherwise specified, the event depth will be under-
stood as /,,,.;.

2. Probabilistic methods for describing the seismic regime

As noted above, in a seismically active region against the background of external
disturbances, conditions are formed for the development of local nonlinear processes,
which are described by methods of nonlinear dynamics. The final stage of such
instability is its destruction, which is registered on the Earth's surface in the form of
an earthquake. Therefore, in order to consistently fulfill an earthquake forecast and
answer the questions “where and when” a structure will form in a special state, and
“what energy will be released” when it is destroyed, you need to know the trajectory
of the unstable system, which describes the evolution of the active structure of the
source zone in the phase space with dimension equal to the number of variables
describing the behavior of the source zone.

For such a description of earthquakes, it is necessary to create a model that
includes the whole complex of phenomena of various nature, and it is also necessary
to know the parameters of the macroscopic state of the structure, as well as the
boundary conditions. But there is no such model. However, assuming that the struc-
ture of the source zone is an unstable nonlinear system, which is under the influence
of external perturbations, then, according to the general principles of nonlinear
dynamics, it can go into a special limiting state. In this case (purely theoretically), we
must calculate various averaged characteristics on the actual trajectories of unstable
systems, the dynamics of which has the nature of chaos [5].

The averaging functional is chosen as a certain probability. Consequently, initially
nonlinear systems with chaos dynamics are described by probabilistic methods.
Therefore, the transition of the system to one or another special state and its destruc-
tion itself is of a probabilistic nature. However, it is the destruction of unstable
structures in the lithosphere in a seismically active region that is perceived as an
earthquake, and this fact, therefore, also has a probabilistic character. Thus, by
studying the result of the destruction of the nonlinear structure of the source zone as a
random event, we ultimately study the seismic regime by probabilistic methods and,
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ultimately, by indirect methods, study the dynamics of the structure of seismically
active zones of the lithosphere.

The methods of seismological monitoring of a stress-strain geoenvironment related
to the study of changes in the seismic regime can be extended if the method for
calculating the probability distribution of earthquakes for various random events
proposed in [6] and further developed in [7] is used to study it. This method is based
on the axiomatic approach proposed by A.N. Kolmogorov in 1933 [8]. The application
of this method to the catalog of Kamchatka earthquakes makes it possible to study the
dynamics of the seismic regime using probabilistic methods for various regions both
over the entire time period of instrumental observations and over various intervals
lasting several years. With this approach, the catalog of seismic phenomena is
represented as a probabilistic space of three objects. This allows us to consider each
earthquake as a single outcome w; in the space of elementary events Q, the power of
which is determined by the number of events # (catalog). In turn, each elementary
event @; in Q is characterized by a system of random variables: energy class K;, latitude
@i, longitude 4;, depth /;, and time ¢;. The time of a specific event in this model, as a
random variable and having no mathematical expectation, is excluded from this
system. In the future, we will consider a certain time interval AT, in which random
events fall according to the catalog. The seismicity of the entire region or its selected
part is considered as a complete group of events and is described in the form of
distributions of conditional and unconditional probabilities P having a frequency
representation. Random events are defined as combinations of a system of random
variables ¢, A, h, and K in the set F. This allows us to represent the catalog of seismic
events over the observation period as a probability space of three objects {Q, F, P} and
makes it possible to calculate probability distributions for various random events. If
the distribution law of a system of random variables is given in analytical form by
means of the distribution function F(¢,4,4,K) or its density f(¢,4,4,K), then the
distribution laws of individual variables can be found using standard formulas. In our
formulation, the most logical is the reverse representation of the problem: using the
laws of distribution of random variables, obtain the distribution law of the system. For
continuous values of the probability of hitting random events for some interval, the
time interval AT within the given intervals in latitude Ag;, longitude A4, depth Az,
and class AK,, are calculated by the formula:

P(A(Pi; Alj) Ahm: AI(n) = F((pi’ /1]’ th I<7l) - F((pi—ls ﬂj—l) hm—l: I<n—1) =
= P(Ag;) - P(AXj|Ap;) - P(Ahy|Ag;, AX)- 1)
P(Aky|Ag;, Ay, Ahy,),

where 4, j, m, and 7 are the indices of the corresponding intervals of random
variables. This expression uses the notation: P(Ag;) is the unconditional probability of
events falling into the interval Ag;; P(A4/Ag;) is the probability of occurrence of
events in AJ; provided that the latitude of events is Ag;; P(Ah,,/A), Ag;) is the proba-
bility of hitting Ak,,, provided that the latitude and longitude are, respectively, Ag;
and AZ;; P(Ak,[Ah,,, Adj, Ag;) is the probability of falling into the interval of the energy
class AK,, provided that the longitude, latitude, and depth are A, Ag;, and Ah,,,
respectively. Numerical values of P(Ag;, Al;, Ah,,, Ak,) representations are easy to
calculate. In a similar way, unconditional distribution laws are calculated for all
random variables ¢, 4, &, and K, as well as various combinations for conditional
distribution laws from these variables. Processing the catalog according to the above

36



Investigation of the Dynamics of the Seismic Regime in the Kamchatka...
DOI: http://dx.doi.org/10.5772 /intechopen.109069

formula makes it possible to calculate the frequencies of seismic events in a given
interval of variation of random variables A and obtain the values of the distribution
function F(Ag;, A, Ah,,, Ak,,). Let us consider the practical application of this
approach to describe the seismic regime using examples of the study of the distribu-
tion of the depth of weak events Ks > 8.5 on the eve of Kronotsky (1997-12-05).

To this end, on the basis of the described approach with the subsequent use of
wavelet decomposition methods, we study the dynamics of changes in the probability
distributions over the depth of “background” earthquakes that occur several years
before strong Kamchatka events with M > 7.0. This allows us to identify the depth
range at which anomalous changes the parameters of this wavelet decomposition. At
the same time, according to the findings of nonlinear dynamics, it is known that as the
degree of instability of an arbitrary system increases and it approaches the critical
state, both the intensity of parameter fluctuations and the time and length of correla-
tions increase [1]. Therefore, the initial local (“microscopic”) internal processes
develop and acquire the character of coordinated ones, forming already on a global
(“macroscopic”) scale and capturing large seismically active areas. An increase in the
length and amplitude of correlations in a nonequilibrium seismically active system
indicates the connection of processes in some local selected area with its other parts.
But logically, this should lead, over a certain time interval 7, to the formation of
conditions conducive to an increase in the frequency of earthquakes in various parts of
this region with less energy than in the main impending shock. Therefore, during the
preparation of a strong (catastrophic) earthquake, large volumes of the lithosphere of
a seismically active region are involved in the preparation area with a simultaneous
increase in the frequency of occurrence of weak (background) events.

Based on the foregoing, it can be assumed that the preparation of an earthquake
corresponds to the formation of an unstable nonlinear system, which is under the
influence of external disturbance factors and develops according to the scenario of
nonlinear dynamics. The interaction of the lithosphere with the environment (the
chain “Sun—heliosphere—magnetosphere—ionosphere—neutral atmosphere”), with
its nonequilibrium conditions, can be the starting point in the emergence of a new
dynamic system, called the dissipative structure [9]. In this case, the scales of the
connection between different parts of the nonlinear structure change. In other words,
the scales of temporal and spatial correlation change. For example, during the forma-
tion of a dissipative structure, which are Benard cells or self-oscillating Belousov-
Zhabotinsky reactions, the spatial scales change from intermolecular 107® cm, which
describe the interaction between molecules, to several cm [10, 11]. In turn, the time
scales vary from 107" s, corresponding, for example, to the periods of oscillations of
individual molecules, to several seconds, minutes, or even hours [12]. With this in
mind, we hypothesize:

During the preparation of the main major event with M ~ 7.0 in a certain volume
of a seismically active region, which is in an unstable state far from equilibrium, a
consistent, correlated increase in seismic activity occurs at the “background” level,
which covers areas far from the epicenter of the future event. At the same time, strong
foreshocks with subsequent development of aftershock activity are possible in these
areas at the depths of an upcoming earthquake. The scales that determine the tempo-
ral T and spatial L correlation during the formation of these earthquakes are several
years for T and hundreds of kilometers for L and depend on the magnitude M of the
upcoming main shock.

To test this hypothesis, the Kronotsky earthquake was considered: 1997-12-05
11:26:51 (UT), ¢ = 54.64° N, A = 162.55° E, depth & = 10 km, depth determination error
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2 km, energy class in terms of the amplitude of the S wave, determined by the
nomogram of S. A. Fedotov K = 15.5, local magnitude of the Kamchatka region
(according to Ch. Richter) My, = 7.0, magnitude by code waves Mc = 7.7.

Figure 1 shows the area along the eastern coast of the Kamchatka Peninsula, which
is divided into 12 sectors, defined by intervals of latitude A¢ = 1° and longitude
AJ = 1.5° For these areas, based on the catalog of seismic events provided by the KB
GS RAS, on the basis of equation (1) the probability distributions P(Ak) (histograms)
characterizing the occurrence of seismic events with an energy class Kg > 8.5 (M >
3.5) in the given depth intervals with a step Ak = 1 km will be further calculated up to
H =100 km for two cases—without taking into account the determination of the
depth error and taking into account the given error. At the next processing step, the
obtained seismic event probability distribution series P(Ak) over depth were
presented in the form of a continuous wavelet decomposition [4], which makes it
possible to smooth the histogram of the probabilistic representation of the earthquake
depth distribution:

(WyP) (b, a)=|a| /? J p(h)vf(hai)dt )

where ¥ is the basis wavelet, P(%) is the numerical series of probabilities, and
coefficients are a, b €R, and a#0.

In the process of transformation, orthonormal Daubechies wavelets of the third
order were used [4]. The decomposition was carried out up to the 32nd scale level. As
an example, Figure 2a shows the original probability distribution series calculated for
1996 for the entire area indicated in Figure 1. Figure 2b shows the results of the
wavelet transform of this distribution. Since the wavelet transform coefficients are
proportional to the squares of the probabilities and, therefore, give the distribution of
the intensity (“energy”) of the process over scales [3, 4], the sum of the wavelet
coefficients was calculated over all scale levels that characterize the distribution of the
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Figure 1.
Location of 12 regions along the eastern coast of Kamchatka with dimensions in latitude and longitude
Si = ApxAh =1° X 1.5°.
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(a) Probability distribution earthquakes by depth for 1996 and (b) sum of wavelet coefficients for probability
distribution earthquakes by depth for 1996.

“energy” of the studied seismic process in depth in a given sector (y-axis in
Figure 2b):

E= Z Wy P; 3)
i=1

where 7 is the number of scale decomposition levels and Wy P; is the wavelet
coefficient at the 7th level of decomposition of the function P(%).

3. Analysis of the Kronotsky earthquake without taking into account the
determination of the error in the depth of the event

For the Kronotsky earthquake, four time periods were considered from 1 January
to 31 December for 1994, 1995, and 1996 and from 1 January to 4 December, 1997 until
the event itself (see Figures 3 and 4). The earthquake itself occurred on 1997-12-05 in
sector Ne 1. The consideration was carried out without an error in taking into account
the depth of the event.

Figure 3 shows the results of wavelet decompositions for 1994 and 1995 for all the
studied sectors. In sector Ne 1 in 1994, 23 events occurred (IN is marked in the legend
for the corresponding year and in the corresponding sector) with their concentration
at depths of 18 km and 40 km, while the sum of the wavelet coefficients for these
depths was respectively (Coeff);g = 1 and (Coeff) 4o = 1.5. In 1995, the number of
events in this sector increased to 44, and their intensity shifted to depths in the region
of 30, 40, and 50 km and (Coeff) ;o = 1.1, (Coeff) 4o = 1.6, (Coeff)sy = 1.1. In 1996, the
number of events increased to 96 with a clear maximum at 40 km ((Coeff) 4 = 2.2)
and additional maxima at 12 km ((Coeff), = 0.5), 23 km ((Coeff),3 = 0.9), and 50 km
((Coeff)sg = 1.1). In 1997, the number of events decreased to 64 with two intensity
maxima at depths of 36 km ((Coeff)3¢ = 0.6) and 48 km (Coeff) 45 = 0.8) (see
Figure 4). Moreover, at a depth of 40 km, there was a clear decrease in seismic
activity (Coeff)4o = 0.2.

Corresponding changes for the period 1994-01-01/1995-12-31 (Figure 3) also
occurred in each of the studied sectors from 2 to 12, and an increase in the number of
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Figure 3.
The summed wavelet coefficients from scale level 1 to 32 for probability distributions P(Ah) of earthquakes with
energy class Kg > 8.5 over depth intervals Ah = 1 km for 1994 and 1995.
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The summed wavelet coefficients from scale level 1 to 32 for the probability distributions P(Ah) of earthquakes
with energy class Kg > 8.5 over depth intervals Ah = 1 km for 1996 and for the period from 01.01.1997 to
12.04.1997. The triangle in sector Ne 8 marks two earthquakes on June 21, 1996 and July 18, 1996 (see text).

events is characteristic of all sectors. The exceptions are sectors Ne 8, Ne 9, and Ne 12,
for which the number of events decreased from 11, 12, and 4 in 1994 to 7, 8, and 3 in
1995. At the same time, a shift to shallow depths with increasing earthquake intensity
occurred in 1995 in sectors Ne 4 (at zero depths with (Coeff)o = 2.4) and Ne. 7 (at zero
depths with (Coeff), = 1.8). In sector Ne 6, the intensity of events at shallow depths up
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to 20 km in 1994 slightly decreased compared to 1995. In sector 11, the intensity of
events in 1994 was located at shallow depths from 0 to 10 km with a maximum at
zero depth ((Coeff)y = 4). In 1995, the intensity of earthquakes dropped sharply
with the formation of a maximum at a depth of 40 km with (Coeff)y = 2.2. It
should be noted that for the period 1994-01-01/1995-12-31 at a depth of 40 km,
distinct maxima of events of different intensity formed at a depth of 40 km in
sectors 2, 3, 4, 7, 8, 10, and 12.

In 1996 (see Figure 4), an increase in the intensity of earthquakes at shallow
depths up to 20 km clearly manifested itself in sectors Ne 6 ((Coeff)s = 1.9) and Ne 8
((Coeff) g = 3). During this period, two earthquakes occurred in sector Ne 8, followed
by aftershock activity with a total number of events N = 414:

* 1996-06-21.; ¢ = 51.27, A, = 159.63; h = 2 km, Kg = 13.9; M = 6.2;
* 1996-07-18; ¢ = 51.22, A = 159.82; h = 8 km, K = 13.5; M = 6.0.

From 1996-01-01 to 1996-06-20 (before the earthquake of 1996-06-21), five seis-
mic events with Kg > 8.5 occurred in sector Ne 8. From 1996-06-21 to 1996-07-17
(before the earthquake of 1996-07-18), there were 348 earthquakes with K > 8.5
(aftershock activity). After the earthquake of 1996-07-18, the aftershock activity in
this sector sharply decreased, and until 1996-12-31, only 61 seismic events with Kg >
8.5 occurred. Seismic activity at a depth of 40 km decreased in 1997 in sectors Ne 1, 2,
4,9,11,12.

Graphs of the summed wavelet coefficients calculated from the probability distri-
butions P(Ak), calculated for the entire area Sy, which includes 12 regions, are shown
in Figure 4. This figure shows the dynamics of changes in the intensity distributions
of seismic events over the years, starting from 1994-01-01 and ending on 1997-12-04
(one day before the Kronotsky event). For comparison, Figure 4 shows the distribu-
tion of seismic events averaged over the period of instrumental observations from
1962-01-01 to 2021-12-31 without taking into account the error in determining the
depth of earthquakes. In this figure, for the average intensity plot 1962-01-01/2021-
12-31 at a depth of 40 km, the peak of seismic activity for the entire eastern coast is
clearly distinguished, which is also distinguished for shorter periods of time (1994-01-
01/1997-12-31). In addition, Figure 4 also shows less intense “petals” of averaged
activity at depths of approximately 12, 18, 30, and 55 km, which, to one degree or
another, repeat the “petals of activity” for 1994, 1995, 1996, and 1997 with large values
of the wavelet expansion coefficients Coeff. This similarity indicates that in the litho-
sphere, at least along the studied area of the eastern coast of Kamchatka, there is a
certain “fine” structure of zones of increased activity [13].

It follows from Figures 3-5 that for 1994, starting from zero depths, the intensity
of seismic events (numerical values of Coeff) decreases with increasing depth and
merges with the averaged intensity of 1962-01-01/2021-12-31 obtained over the entire
instrumental period of observation. Starting from 30 km, the intensity for 1994
exceeds the average. Over 1995, the intensity at shallow depths (from 0 to 10 km)
becomes less than the intensity over 1994. In 1996, due to the earthquakes of 1996-06-
21 and 1996-07-18, and aftershock activity, the intensity of seismic events at shallow
depths (from 0 to 15 km) exceeds the intensity for 1994 and 1995, remaining similar to
the average intensity for the period of instrumental observations from 1962 to
2021-12-31. In 1997, the intensity at shallow depths decreases and practically merges
with the intensity from 1994 to 1996 at depths greater than 35 km.
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Figure 5.

Thgeusummed wavelet coefficients from scale level 1 to 32 for the probability distributions P(Ah) of earthquakes
with energy class Ks > 8.5 over depth intervals Ah = 1 km for the Sy region for the entire period of 1994, 1995, and
1996 and from 01.01.1997 to 04.12.1997. For comparison, the intensity distribution of seismic events for the
period of instrumental observations from 01.01.1962 to 31.12.2021 is presented, against which events develop for
the considered period of time 1994-1997.

4. Analysis of the Kronotsky earthquake, taking into account the
determination of the error in the depth of the event

Let us consider the case when the error in determining the depth of the earthquake
hypocenter Ah,,;; <5 km is taken into account. Figures 6 and 7 show the results of
wavelet decompositions for 1994, 1995, and 1996 and from 1995-01-01 to 1997-12-04 for
all the studied sectors. As can be seen from the figures, taking into account the error in
determining the depth of the hypocenter leads to a sharp reduction in statistics. In some
sectors, there are no events at all, which, of course, complicates the analysis. Figures 8
and 9 for the region Sy, present the summed wavelet coefficients from scale level 1 to 32
for the probability distributions P(Ak) of earthquakes with Kg > 8.5 over depth
intervals Ak = 1 km and the error in determining the depth of hypocenters for. For
comparison, Figures 8 and 9 show the intensity distribution of seismic events over the
period of instrumental observations from 1962-01-01 to 2021-12-31, taking into account
Ah,yie < 5 km, against which events develop over the considered time period 1994-1997.
As can be seen from Figures 8 and 9, taking into account the error leads to a
significant change in the depth distribution of earthquake intensity. So in Figure 8, the
peak of the maximum seismic activity at 40 km for 1994, which is clearly distinguished
in Figure 5, is completely absent. Instead of a maximum at this depth, we have a
minimum.

In addition, Figure 8 for 1994 shows several clear intensity peaks in the altitude
range of 18-40 km (Coeff ~ 1.4, Coeff ~ 1, and Coeff ~ 1.2), 40-65 km (Coeff ~ 0.7),
and 65-90 km (Coeff ~ 0.4). In turn, the intensity at shallow depths from 0 to 10 km
for 1994-01-01/1995-12-31 slightly exceeds the intensity for the period 1962-01-01/
2021-12-31. The absence of a maximum at a depth of 40 km in Figure 8 indicates that
the error in determining the depth for 1994 is mostly greater than the selected Ah,,;,
< 5km, so these earthquakes were not included in the statistics and were sifted out. In
turn, in 1996, the accuracy in determining the depth of hypocenters equal to 40 km
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The summed wavelet coefficients from scale level 1 to 32 for the probability distributions P(Ah) of earthquakes
with energy class Ks > 8.5 over depth intervals Ah = 1 km for 1994 and 1995, taking into account the error in
determining the depth Ah,,;; < 5 km.
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The summed wavelet coefficients from scale level 1 to 32 for the probability distributions P(Ah) of earthquakes
with energy class Ks > 8.5 over depth intervals Ah = 1 km for 1996 and for the period from 01.01.1997 to
04.12.1997, taking into account the ervor in determining the depth Ahyi < 5 km.

mostly satisfied the accuracy of Ah,,;; <5km, and as a result, the intensity peak was
identified (see Figure 9).

It follows from the analysis of Figure 8 that the intensity of the wavelet coeffi-
cients at depths from 0 to 10 km in 1996 increased sharply compared to 1994 and
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The summed wavelet coefficients from 1 to 32 scale decomposition level for the probability distributions P(Ah) of
earthquakes with Kg > 8.5 over depth intervals Ah = 1 km and an ervor in determining the depth of hypocenters
Ahyise < 5 km. The periods under consideration are 1994, 1995, and 1962-2021.
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The summed wavelet coefficients from scale level 1 to 32 for the probability distributions P(Ah) of earthquakes
with Kg > 8.5 over depth intervals Ah = 1 km and an error in determining the depth of hypocenters Ahye < 5 km.
The periods under consideration are 1996, 1997.01.01-1997.12.04, and 1062—2021.

1995. This happened, as we know, as a result of aftershock activity after the earth-
quake of June 21, 1996.

If we compare Figure 5 with Figures 8 and 9, then the latter show some
chaotization in the distribution of wavelet coefficient intensity peaks over depths with
similar Coeff values. A similar picture is also observed in the averaged distributions of
wavelet coefficients for 1962-01-01/2021-12-31, taking into account the determination
of the error in the depth of hypocenters and without taking into account. This suggests
that with such a choice of the numerical value of Ah,,;;, we simply lose information
about the intensity of the distribution of events over 4.

5. Conclusions

Taking into account the hypothesis stated earlier, we will summarize this section.
In sector Ne 8 in 1996, two earthquakes with magnitudes M > 6 took place at depths
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ranging from 0 to 10 km. The first event (1996-06-21) was accompanied by increased
aftershock activity (348 earthquakes with Kg > 8.5 occurred from 1996-06-21 to the
second shock on 1996-07-18). After the second shock, the activity decreased sharply,
and until 1996-12-31, only 61 seismic events occurred. Considering the dynamics of
general seismicity over the years (see Figures 3 and 4), we see that in areas far from
the main shock, at the depths of the upcoming earthquake, strong events with after-
shock activity arose, after which a seismic lull followed and continued until the main
event on 1997-12-05 with M, = 7.0, which occurred at a depth of & = 10 km. The
distance from the main shock, which took place in sector 1, to the seismic events
preceding it in sector 8 with subsequent intensification of aftershock activity, was
more than 400 km. In turn, from 1994 to the main shock on 1997-12-05, seismic
activity increased at shallow depths (from 0 to 20 km) in sectors that are mosaically
scattered along the eastern coast of Kamchatka, as well as in different time intervals
(not simultaneously).

To support this hypothesis, we can note:

* for several years, sectors of the background enhancement of seismic activity at the
depths of an impending major event, mosaically scattered along the eastern coast;

* the occurrence of foreshock events far and at the depths of an impending major
earthquake.

It is absolutely clear that the consideration of one event as a confirmation of the
stated hypothesis is not enough and requires further research on the example of other
large earthquakes. In addition, the impossibility of a more accurate determination of
the hypocenter depth and its replacement by 4,,,;, when the error Ah,,;; is commen-
surate with the depth itself, seems to be somewhat arbitrary. However, the ideology of
this approach to the analysis of the depth distributions of earthquake epicenters on the
eve of major events based on the application of the general conclusions of
nonequilibrium thermodynamics, in our opinion, is promising.
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Chapter 3

Perspective Chapter: Testing the
Interoccurrence Times Probability
Distributions of Earthquakes

Walter Salazar

Abstract

This chapter aims to provide a methodology to test the probability distributions of
earthquakes in terms of the interoccurrence times (ITs), namely, the time between con-
secutive earthquakes of a specific magnitude. First, we compile a new earthquake catalog
for the El Salvador subduction zone within moment magnitude M 5.0-8.12 comprising
historical and instrumental data for 1609-2019. Secondly, we explain the fundamentals of
the Weibull and Poisson distributions and verify the IT probability fits when considering
the clustered catalog. We find that the Weibull distribution fits all ITs, while the Poisson
distribution fails to explain the natural seismicity patterns for small magnitude bins.
Besides, we test the assumption that the declustering process leads to a Poisson probability
distribution when removing foreshocks and aftershocks in the earthquake catalog. Finally,
the classical Gutenberg-Richter relationship and conditional magnitude probabilities are
calculated as an essential input in any seismic hazard assessment.

Keywords: earthquake catalog, Weibull and Poisson probability distribution,
subduction zone, interoccurrence times

1. Introduction
1.1 Earthquake data

The subduction zone comprises earthquakes with focal depths down to 300 km in
the Central America Isthmus, where the Cocos Plate submerges beneath the Carib-
bean Plate. Interface subduction earthquakes occur at shallower depths in the two
plates’ boundary near the trench, characterized by thrust focal mechanisms. Intraplate
subduction earthquakes are deeper and characterized mainly by normal focal mecha-
nisms. Outer rise earthquakes occur southwest of the trench due to the initial flexure
of the oceanic slab, yielding a shallow normal mechanism. The slab dips an average of
45° north-east, with deeper earthquakes away from the subduction trench having
offshore and inland epicenters. Correa-Mora et al. [1] suggested employing GPS
measurements as a weak coupling between the Cocos and the Caribbean plates with a
slip rate of about 7-8 cm/year between the two plates.

The last destructive earthquake in this seismogenic zone occurred on January 13,
2001, with an M 7.7 with its epicenter offshore El Salvador [2]. Large shocks occurred
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on December 19, 1862 [3] and September 7, 1915 [4] beneath the western El Salvador
territory with M 8.12 and M 7.8, respectively. Ambraseys and Adams [4] reported an
event dated August 6, 1942, M 8.12 beneath the western Guatemalan territory. On
September 2, 1992, an M 7.6 offshore Nicaragua triggered a local tsunami [5]. On July
29, 1773, an earthquake with M 7.6 struck Guatemala [3].

We updated the homogenized moment magnitude catalog of Salazar et al. [6]
using online global information as the International Seismological Centre ISC [7], the
Preliminary Determination of Epicenters PDE [8], the Centroid Moment Tensor solu-
tions [9], and detail-oriented studies for earthquake locations of large earthquakes
[3, 4, 10-12]. The catalog covers the geographical window between 11 and 16.5° N and
85.5-92°. The final subduction catalog contains 2764 events covering 1609-2019
within M 5-8.12 (Figure 1a). Note that earthquakes from other regional seismogenic
sources (e.g., volcanic chain, Guatemalan faults, and Honduran-Guatemalan Gra-
bens) were also compiled; however, this study is devoted to only subduction events.
Salazar et al. [6] present the criteria to separate upper-crustal and subduction events
based on geological and focal mechanism information. We also applied the Gardner
and Knopoff [14] method to extract the main events from the original catalog, elimi-
nating the foreshocks and aftershocks. The final declustered catalog contains 889 main
events. Note that the method of Gardner and Knopoff [14] calibrated their method to
identify aftershocks; however, it has also been applied to eliminate foreshocks with
the same temporal and spatial windows of the former (e.g., [15-17]) and to assure all
dependent events are removed from the catalog. About 68% of dependents’ events
were eliminated in the decluster process (Figure 1b). Figure 2 shows a hypocenter
cross-section for El Salvador and the USGS subduction slab 2.0 model [13]. The depth
determination in the Central America Isthmus gives significant uncertainty; however,
the USGS slab model generally depicts a reasonable top slab geometry when compared
with our hypocentral determinations.

It is necessary to investigate the year of completeness for the magnitudes, espe-
cially because small events are not listed in the catalog for early years. We present in
Table 1 the year of completeness of the subduction catalog for several magnitude bins
after applying the Tinti and Mulargia [18] method for both the clustered and the
declustered catalog after applying the Gardner and Knopoff [14] method; Figure 3
shows an example of completeness analysis for the magnitude bin 5.0-5.5, suggesting
that the catalog entirely lists events from the year 1975 to 2019.

Salazar [16] studied the earthquake interoccurrence times and seismic hazards for
earthquakes related to another seismogenic zone, namely, the upper-crustal volcanic
chain in El Salvador. This work extends the former article by employing data from the
overall subduction zone and studying the interoccurrence times based on the Weibull
and Poisson cumulative probability distributions.

2. The Weibull and Poisson cumulative distributions

A straightforward way to investigate if a specific probability distribution fits the
time seismicity patterns in a seismogenic zone is by applying the cumulative proba-
bility distribution based on the interoccurrence times (ITs), namely, the time between
consecutive earthquakes of a specific magnitude bin. Salazar [16] studied the ITs
matching the Weibull and Poisson cumulative distributions for the upper-crustal

48



Perspective Chapter: Testing the Interoccurrence Times Probability Distributions...
DOI: http://dx.doi.org/10.5772/intechopen.110584

-90.000

Honduras

Nicaragua

Magnitude
5.0-5.5
5.5-6.0
6.0-6.5

6.5-7.0
7.0-7.5 . Pacific Ocean

75-s2 @ O

L e————

-91.500 -80.000 -88.500 -87.000 -85.500
16.500 —————— — » 16,500
\\_. p— N
dp =
S0
\\\
.
Honduras

15.000 15.000

13.500 " 13.500

Nicaragua

Magnitude
5.0-55
5.5-6.0
12000 6.0-6.5
6.5-7.0

12.000

Figure 1.

Earthquake epicenters (circles) for the subduction zone comprising events with moment magnitude M
5.0-8.12, 1609-2019, and focal depth from 1 to 300 km. a) Clustered catalog (all events); the rectangle
depicts the area of the cross-section AB-CD in Figure 2 b) Declustered catalog (after removing foreshocks
and aftershocks). Blue contour lines depict the top Cocos plate depths every 20 km based on the USGS slab
2.0 model [13].
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Figure 2.

ElgSl;lvador cross-section illustrates hypocenters for all subduction earthquakes with moment magnitude M 5.0—
8.12. Dashed lines depict the top of the Cocos plate based on the USGS slab 2.0 model [13] for the area AB-CD in
Figure 1. Earthquakes with a fixed depth of 33 km are not plotted. The red triangle indicates the position of the
volcanic chain in Central America, and the letter T indicates the position of the trench between the Cocos and the
Caribbean plates.

M Year
5-5.5 1975
5.5-6 1955
6.0-6.5 1920
6.5-7 1900
7-7.5 1800
7.5-8 1765
8-8.12 1862
Table 1.

Estimated year of completeness for the subduction zone. We noticed that for all magnitude bins, the year of
completeness is the same when employing the clustered and the declustered catalogs (see Figure 3).

volcanic chain earthquakes in El Salvador. Other authors have also studied the ITs in
other parts of the globe [19-23]. Note that we count the ITs in a magnitude bin (e.g.,
5-5.5, 5.5-6.0) since the final objective is to use the probability of occurrence of events
in a seismic hazard assessment.
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Example of the completeness period for subduction earthquakes within a magnitude bin M 5.0-5.5 employing the
a) clustered catalog: Main shocks, foreshocks, and aftershocks; b) declustered catalog: Only main shocks. The
catalog is complete for this magnitude interval back to 1975 because the cumulative annual number of earthquakes
for this magnitude range is approximately linear back to that date [18]. All other magnitude bins’ periods of

completeness are presented in Table 1.

The cumulative F(t) Weibull distribution yields [24]:

Ft)=1-¢t>0,a,>0

1)

where t is the earthquake ITs, and a and f are constants found by the non-linear
search algorithm of Bean et al. [25]. The Poisson probability cumulative distribution F

(t) yields:

Fit)=1—¢*t>0,1>0

()

where 4 is the number of earthquakes per unit of time [26], and ¢ must be calcu-
lated based on the completeness analysis explained in the previous section. Table 2
shows the a and  Weibull and the Poisson A constants for the clustered and

Weibull clustered catalog

Poisson clustered
catalog

Poisson declustered
catalog

M a p RMS Meanpy years ¢ years A RMS 4 RMS
555 0219  0.767 0.010 0.02 0.03  0.116 0.035  0.028 0.030
556  0.038  0.822 0.017 0.16 020  0.017 0.038  0.008 0.020
6-65 0.017 0733 0.023 0.84 117 0.003 0.084 0.002 0.028
65-7  0.006 0762 0.028 2.46 327  0.001 0.064 8x107*  0.050
7-75  6x10°* 0.964 0.051 6.19 644  36x10* 0079 9x10°*  0.083
7.5-812 4x10™* 0.863 0.085 24.91 2897 1.0x107* 0.094 1x10°*  0.094

RMS: root mean square; y: mean

Table 2.

Weibull and Poisson cumulative probability distribution parameters (Eqs. 1 and 2). ¢ denotes the standard
deviation. M: moment magnitude; \ is expressed above as the number of earthquakes per year; however, for the
Poisson cumulative probability calculations, the number of earthquakes per day must be used in Eq. (2).
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declustered earthquake catalogs and their corresponding mean and standard
deviations for several magnitude bins. The mean y for the Weibull distribution is:

1
y= (1 + B) 3)
and the variance ¢° gives:

U R ] S

The standard deviation o is the root square of the variance. I" is the gamma
function; we also listed the fit error in terms of the root mean square (RMS):

©)

N L \2
RMS = \/ Zizl(PVOb_Ob;lV Prob_Pred;)

where N is the number of data, Prob_Obs; is the observed cumulative probability,
and the Prob_Pred; is the predicted cumulative probability at the i event.

We infer by comparing the observed and the predicted ITs using the obtained
constants that subduction events pose the Weibull cumulative distribution when con-
sidering all the events in the subduction catalog, namely, principal, fore, and after-
shocks (clustered catalog) for all magnitude bins with low RMS between 0.01 and 0.085
(Figure 4a, c, e, g, i, and k). Abaimov et al. [19] suggested that the conventional graphs
depicting the cumulative probability F(z) vs. the ITs (left panel in Figure 4) are not
appropriate for judging, in the first instance, the fit between observed and predicted
probabilities. Instead, they propose linearizing the cumulative probability, applying -In
(1-F(t)). The linearized probability Weibull plots confirm the goodness to fit
(Figure 4b, d, £, h, j, and 1) in all cases. However, the Weibull distribution better
predicts the probabilities for longer ITs than short ones in one case after 100 days (e.g.,
M 6.5-7). The a value yields practically zero for M 7.5-8.12 (Table 2), arguing a Poisson
process tendency for the largest subduction shocks. Indeed, the Poisson and Weibull
models predict similar probabilities (see the right panel in Figure 4j and 1). Although
the Poisson probability distribution is thought to be applied to independent events only,
we also tested the ITs to the clustered catalog to investigate if such distribution fits some
magnitude bins under consideration, especially for big events.

The Poisson cumulative distribution does not fit the ITs for smaller events with
magnitudes between 5.5 and 7 when using the clustered catalog (all events in the
analysis), yielding RMS from 0.035 to 0.064 (Table 2). The linearized plots on the
right panel in Figure 4d, f, and h confirm such a statement for M 5.5-6, 6-6.5, and
6.5-7.0, respectively.

However, when applying the Gardner and Knopoff [14] method to remove the
foreshocks and aftershocks and conform to the declustered catalog, the Poisson dis-
tribution better fits the ITs for M 5.5-6 and 6-6.5 (Figure 5d and f) but still fail to
reproduce the ITs for M 6.5-7.0 (Figure 5h), although there are lower RMS yields for
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Figure 4.

Interoccurrence times vs. cumulative probabilities for several magnitude bins. (a) M 5-5.5 (c) M 5.5-6 (¢) M 6—
6.5 (g) M 6.5-7 (i) M 7—7.5 (j) M 7.5-8.12. We compare the observed and the estimated cumulative probability
distributions employing the Weibull and Poisson models based on the clustered catalog. The arrow depicts
Weibull’s mean. The right side (b, d, f, h, j, and k) depicts the linearized probability plots.

these cases (Table 2). The linearized probability plots confirm the goodness of the
Poisson fit in most of the magnitude bins under analysis, including large shocks above
M 7.5 (Figure 5j and 1). We conclude that the Poisson distributions fit the time
seismicity patterns once only when the main shocks are considered in the analysis,
except for the magnitude bin between 6.5 and 7.0 when ITs are less than 100 days.

3. Seismicity evaluation

Seismicity evaluation is a fundamental part of any seismic hazard assessment
where the initial objective is to retrieve the magnitude probability of occurrence.
In the case of a time-dependent seismic hazard, once we ensure that the Weibull
cumulative distribution fits the subduction seismicity time patterns, we calculate the
conditional probability CP(M)t, At yielding the probability that an earthquake occurs
after an elapsed time At once an earthquake has happened at time . Note that time ¢
is the last year in which an earthquake of a specific magnitude M appears in the
catalog [27]:

R(t) —R( + At)

R(t) ©)

CP(M)t,At =
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Interoccurrvence times vs. cumulative probabilities for several magnitude bins.(a) M 5-5.5 (c) M 5.5-6 (e) M 6~
6.5 (i) M 7-7.5 (j) M 7.5-8.12. We compare the observed and the estimated cumulative probability distributions
employing the Poisson model based on the declusteved catalog. The right side (b, d, f, h, j, and k) depicts the
linearized probability plots.

where the reliability function is R(¢) = 1 — F(t) . Figure 6 shows the conditional
probabilities for each magnitude bin under consideration until 2120. For M 5-5.5 and
5.5-6.0, the conditional probability is practically unity after 2019, while for the rest of
the magnitudes, the probabilities increase at a lower rate as the size of the earthquakes
increases and time passes. For example, for large shocks with M 7.5-8.12, the proba-
bility of occurrence after 2001 (the last destructive earthquake in the region happened
that year) yields 0.28, 0.73, and 0.95 for the years 2025, 2050, and 2100, respectively.
Such values are suitable for time-dependent seismic hazard assessment [16]. M 6-6.5
and 6.5-7 yield similar conditional probabilities as the elapsed time increases.

We finally test our subduction catalog deriving the classical Gutenberg-Richter
(G-R) relationship, yielding:

logN =A — BM @

where N is the number of earthquakes per year with a magnitude equal to or above
M. A and B are constants obtained by regression analysis. Note that the values of N
must be taken after the year of completeness analysis (see Section 1 and Table 2) to
avoid underestimation of seismicity levels in the magnitude bins. The relationships are
obtained for the clustered and the declustered catalog (see Figure 7a). The G-R
relationships yield log N = 6.43-1.01 M, ¢ = £0.045 and log N = 7.73-1.17 M,
6 = +0.097 for the declustered and clustered catalogs, respectively. Note that we

56



Perspective Chapter: Testing the Interoccurrence Times Probability Distributions...
DOI: http://dx.doi.org/10.5772/intechopen.110584

Figure 6.
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a) Classical Gutenberg—Richter velationships: The observed number of earthquakes per year N above a specific
magnitude M (Eq. 7). The circles represent observed data; the lines represent N's estimation of the G-R
relationships after a regression analysis. The G-R yields log N = 6.43-1.01 M, 6 = £0.045 and log N = 7.73—
1.17 M, o = £0.097 for the declustered and clustered catalogs, vespectively; b) discrete probability function for 20
magnitudes between M 5 and 8.12 for the declustered catalog (Eq. 8).

retrieved a B value of 1.0 with a very low standard deviation ¢ for the subduction
earthquakes when using only the main events in the analysis, which is a characteristic
value of tectonic earthquakes worldwide used in several seismic hazard analyses. Note
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that such G-R relationship must be truncated to the maximum possible magnitude
when employing it in a seismic hazard assessment. Since we have yet to compute
design spectra, we opt to present our results using the classical relationships based on
Eq. (7).

For time-independent seismic hazard analysis, the probability that a magnitude
will fall within a magnitude m1 and m2 is given by:

P(M) = jm2f<M>dM ®)

ml

where f(M) is the magnitude probability density function based on the constants A
and B in Eq. (7) [28]. We present in Figure 7b the magnitude probability for the
overall subduction zone suitable for time-independent seismic hazard analysis. The
probability of the occurrence of small shocks is higher than the ones of large shocks.
The sum of all probabilities is 1.0.

4. Conclusions

We have compiled a new earthquake catalog for historical and instrumental
subduction earthquakes in El Salvador and surrounding areas that represent the
input data for the ITs analysis and the seismicity evaluation. Subduction seismicity
patterns fit the Weibull probability distribution well for all events (including main,
foreshocks, and aftershocks). The Poisson probability distribution is not suitable for
the natural seismicity for small events in the subduction zone. However, such distri-
bution fits when dependents shocks are removed from the catalog for most of the
magnitude range under scrutiny but fails to explain the interoccurrence times less
than 100 days for the magnitude bin 6.5-7.0. Such failure might be explained because
the Gardner & Knopoff [14] method was calibrated for Southern California crustal
events rather than subduction zones. Indeed, each region should have its declustering
dynamic window on time and space that belongs to the tectonics of the region under
study. We conclude that the catalog declustering process is necessary when employing
the classical Cornell seismic hazard assessments on time-independent schemes as
previous works have applied for the region [6, 29-31]. In other words, despite the
Poisson probability distribution not fitting the natural seismicity of subduction earth-
quakes, the declustering process produces a Poisson distribution with only indepen-
dent events. However, the correspondent earthquake loads might be revised when
employing the whole catalog in a seismic hazard analysis.

Since all the IT analyses belong to the overall subduction zone, we expect that
future research must separate interface and intraplate shocks to consider the change
in the seismic activity in depth; it is clear that below 120 km, there is a decrease in
the seismicity in the Cocos Plate (see Figure 2). The depth determinations contain a
significant error in the Central America Isthmus that can make such differentiation
cumbersome, especially when there is no reported focal mechanism for some
events.

A B value of 1.0 retrieved from the Gutenberg—Richter recurrence relationship
after removing dependent events validates the quality of the subduction catalog com-
piled in this study. Conditional probabilities that depend on the last event listed in the
catalog for a certain magnitude are also given that are useful in time-dependent
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seismic hazard assessments. The methodology provided in this chapter would improve
the quality of the following seismic hazard assessment in the country.

Acknowledgements

The Catholic University of El Salvador financed this research under the Academic
Researcher grants program devoted to full-time professors.

Author details

Walter Salazar
Catholic University of El Salvador UNICAES, El Salvador

*Address all correspondence to: walter.salazar@catolica.edu.sv

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

59



Earthquakes - Recent Advances, New Perspectives and Applications

References

[1] Correa-Mora F, DeMets C, Alvarado
D, Turner H, Mattioli G, Hernandez D, et
al. GPS-derived coupling estimates for
the Central America subduction zone and
volcanic arc faults: El Salvador, Honduras
and Nicaragua. Geophysical Journal
International. 2009;179:1279-1291

[2] Salazar W, Seo K. Earthquake
disasters of January 13 and February
13™ 2001, El Salvador. Seismological
Research Letters, Seismological Society
of America. 2003;74(4):420-439

[3] White R, Ligorria J, Cifuentes I.
Seismic history of the middle America
subduction zone along El Salvador,
Guatemala and Chiapas, Mexico: 1526-
2000. Geological Society of America
Papers. 2004;375:379-396

[4] Ambraseys N, Adams R. Large central
American earthquakes 1898-1994.
Geophysical Journal International. 1995;
127:665-692

[5] Kanamori H, Kikuchi M. The 1992
Nicaragua earthquake: A slow tsunami
earthquake associated with subducted
sediments. Nature. 1993;361:714-716.
DOI: 10.1038/361714a0

(6] Salazar W, Brown L, Hernidndez W,
Guerra J. An Earthquake Catalogue for El
Salvador and Neighboring Central
American Countries (1528-2009) and its
Implication in the Seismic Hazard.
Journal of Civil Engineering and
Architecture. 2013;7(8):1018-1045

[7] International Seismological Centre
ISC. On-line Bulletin. 2020. DOI:
10.31905/D808B830

(8] Preliminary Determination of
Epicenters PDE. Bulletin. 2020.
Available from: https://earthquake.usgs.
gov/data/pde.php

60

[9] Ekstrom G, Nettles M, Dziewonski
AM. The global CMT project 2004-2010:
Centroid-moment tensors for 13,017
earthquakes. Physics of the Earth and
Planetary Interiors. 2012;200-201:1-9.
DOI: 10.1016/j.pepi.2012.04.002

[10] Ambraseys N. Magnitudes of central
American earthquakes 1898-1930.
Geophysical Journal International. 1995;
121:545-556

[11] Leeds D. Catalog of Nicaraguan
earthquakes. Bulletin of the
Seismological Society of America. 1974;
64(1974):1135-1158

[12] Molnar P, Sykes L. Tectonics of the
Caribbean and middle America regions
from focal mechanism and seismicity.
Geological Society of America Bulletin.
1969;80:1639-1684

[13] Hayes G, Moore G, Portner D, Hearne
M, Flamme H, Furtney M, et al. Slab 2, a
comprehensive subduction zone geometry
model. Science. 2018;362:56-81

[14] Gardner JK, Knopoff L. Is the
sequence of earthquakes in Southern
California, with aftershocks removed,
Poissonian? Bulletin of the Seismological
Society of America. 1974;64:1363-1367

[15] Hidalgo-Leiva D, Linkimer L, Arroyo
I, Arroyo-Solérzano M, Piedra R,
Climent A, et al. The 2022 seismic
Hazard model for Costa Rica. Bulletin of
the Seismological Society of America.
2023;113(1):23-40

[16] Salazar W. Earthquake
interoccurrence times and seismic
hazard assessment for upper-crustal
volcanic chain earthquakes in El
Salvador, are they Poissonian
distributed? Natural Hazards. 2021;107:



Perspective Chapter: Testing the Interoccurrence Times Probability Distributions...

DOI: http://dx.doi.org/10.5772/intechopen.110584

1443-1465. DOI: 10.1007/s11069-021-
04640-w

[17] Bozzoni F, Corigliano M, Lai C,
Salazar W, Scandella L, Zuccolo E, et al.
Probabilistic seismic hazard assessment
at the Eastern Caribbean Islands. Bulletin
of the Seismological Society of America.
2011;101(5):2499-2521. DOI: 10.1785/
0120100208

(18] Tinti S, Mulargia F. Completeness
analysis of a seismic catalogue. Annali di
Geofisica. 1985;3:407-414

[19] Abaimov S, Turcotte D, Shcerbakov
R, Rundle J, Yakovlev G, Goltz C, et al.
Earthquakes: Recurrence and
interoccurrence times. Pure Applied
Geophysics. 2008;165:777-795. DOL:
10.1007/s00024-008-0331-y

[20] Anagnos T, Kiremidjian S. Stochastic
time-predictable model for earthquake
occurrences. Bulletin of the
Seismological Society of America. 1984;
74(6):2593-2611

[21] Chen C, Wang J, Wu Y, Chan C,
Chang C. A study of earthquake
interoccurrence times distribution

models in Taiwan. Natural Hazards.
2012. DOI: 10.1007/s1110 69-012-0496-7

[22] Hasumi TC, Chen TA, Aizawa Y.
The Weibull-log Weibull transition of
interoccurrence time for synthetic and

natural earthquakes. Tectonophysics.
2010;485:9-16

[23] Tahernia N, Khodabin M, Mirzaei N,
Eskandari-Ghadi M. Statistical models of
interoccurrence times of Iranian
earthquakes on the basis of information
criteria. Journal of Earth System. 2012;
121(2):463-474

[24] Walpole R, Myers R, Myers S, Ye K.
Probability & Statistics. Eight ed. Upper
Saddle River, New Jersey, USA: Pearson
Prentice Hall; 2007. p. 816

61

[25] Bean S, Heuser M, Somerville P. A
Fortran Program for Estimating
Parameters in a Cumulative Distribution
Function. Massachusetts, USA: Air Force
Geophysical Laboratory; 1981. p. 15

[26] Anagnos T, Kiremidjian A. A review
of earthquake occurrence models for
seismic hazard analysis. Probabilistic
Engineering Mechanics. 1988;1(3):3-11.
DOI: 10.1016/0266-8920(88)90002-1

[27] Maeda K, Yoshida A. Probability of
earthquake occurrence using Weibull
distribution: An application of the
seismic activity near Shizuoka city. Zisin.
1991;44:147-150

[28] Salazar W. Principles of Probabilistic
Seismic Hazard Assessment (PSHA) and
Site Effects Evaluation and Its
Application for the Volcanic
Environment in El Salvador. In: Svalova
V, editor. Earthquakes - Forecast,
Prognosis and Earthquake Resistant
Construction. London: InTech Open
Science; 2018. pp. 119-146. DOI: 10.5772/
intechopen.75845

[29] Benito MB, Lindholm C, Camacho E,
Climent A, Marroquin G, Molina E, et al.
A new evaluation of seismic hazard for
the Central America region. Bulletin of

the Seismological Society of America.
2012;102(2):504-523

[30] Global Earthquake Model (GEM).
Caribbean and Central America (CCA)
model. 2022. Available at https://hazard.
openquake.org/gem/models/CCA/

[31] Salgado-Gdlvez M, Ordaz M, Singh
S, Pérez-Campos X, Huerta B, Bazurro P,
et al. A Caribbean and Central America
seismic Hazard model for sovereign
parametric insurance coverage. Bulletin
of the Seismological Society of America.
2023;113(1):1-22






Chapter 4

Locations of the 1982 Miramichi
(Canada) Aftershocks: Implication
of Two Rupture Regions Activated

Dariush Motazedian and Shutian Ma

Abstract

On 9 January 1982, in the Miramichi region of New Brunswick, Canada, an
earthquake with mb 5.7 occurred. It was followed by extensive aftershocks and felt
throughout eastern Canada and north-eastern USA. Since this earthquake occurred
in an uninhabited region, the damage was minor. Due to an mb 5.7 event is rare in
north-eastern America, investigating it and its aftershocks is important for under-
standing intraplate seismicity. Digital seismic stations were not yet common by
1982. Fortunately, four seismic phases at three stations could be used to locate larger
aftershocks. A simplified master-event location method combined with regional depth-
phase modeling was used to locate aftershocks. For each aftershock its focal depth was
first determined using a depth phase; then, with the depth fixed, the epicenter was
determined using the four arrival time readings measured at the same three stations.
The located aftershocks were divided into three groups. In each group the earthquake
numbers are similar, but the majority of the energy was released in one group. The
epicenters formed two trends in the NE-SW direction, implying that the Miramichi
earthquake sequence activated two rupture regions.

Keywords: Miramichi aftershocks, location, shallow focal depth, two rupture regions,
depth phase sPg

1. Introduction

The 9 January 1982 Miramichi, New Brunswick, magnitude (mb) 5.7 earthquake
was a rare case in North America (Figure 1). It was felt throughout eastern Canada
and northeastern USA and intrigued scientists and the public as it was the largest one
in eastern Canadian and eastern US in recent 100 years. The mainshock (mb 5.7; My
5.6) occurred at 12:53 UT on the 9th January, followed 3.5 hours later by a large mb 5.1
(M 4.9) aftershock. On the January 11th the largest aftershock (mb 5.4, My 5.0) fol-
lowed, then on March 31st another large aftershock (mb 5.0, My 4.9) occurred. The
above three large aftershocks were called principal aftershocks. The mb magnitude
was used for the mainshock and the three principal aftershocks in the majority of the
publications and the media for many years. The moment magnitudes can be found in
the report by Bent [1].
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Figure 1.

Tlg’ location of the 1982 Miramichi earthquake sequence, the seismicity occurred from 1980 to March 2022, and the
geological background in its surrounding vegions. The triangles show the locations of seismic stations, KLN, EBN,
GGN, LMN, LPQ, and GSQ. The diamonds show the locations of cities or towns. The symbols CSZ and LSZ are
abbreviations for the Charlevoix seismic zone, and lower St. Lawrence seismic zone. A solid circle color coded with
focal depth shows an earthquake epicenter, which were retrieved from the incorporated research institutions for
seismology (IRIS). A focal depth value is indicated by the depth scale on the right. The color scale at the bottom
shows the height of the topographic locations above the sea level. The St. Lawrence River runs through Quebec City,
Charlevoix seismic zone, and lower St, Lawrence seismic zone. The St. Lawrence faults system also runs along

this trend (e.g., [2]); for clavity it is not plotted. At the north of CSZ is the Saguenay Graben. The 1988 My, 5.9
earthquake occurved along this Graben. Figuve 1 was plotted using the GMT program [3].

Three field surveys were conducted in 1982 by the Geological Survey of Canada
(GSC) to investigate the aftershock sequence. In the January survey (S1), the most
detailed coverage of the aftershock activity was from 19 to 22 January (the tem-
peratures were below -25C°) when aftershocks were recorded by analog MEQ-800
seismographs at four sites within 10 km of the active zone. The hypocenter of the
mainshock was estimated using the hypocenters of the detected small aftershocks. The
April survey (S2) was conducted in response to the 31 March mb 5.0 aftershock, whose
hypocenter was also estimated using the hypocenters of the detected small aftershocks.
The survey in June (S3) followed the 16 June mb 4.7 earthquake (Figure 1). As this
event was located about 30 km west of the Miramichi mainshock (e. g. Wetmiller et al.,
[4]), it is not discussed in this article.

Responding to a request from Canada, the U.S. Geological Survey (USGS) installed
a portable digital network. This network located about 40 aftershocks between the 15
and 22 January 1982 [5]. Among the 40 aftershocks, 4 larger ones were relocated and
their focal mechanisms were studied by Saikia and Herrmann [6].
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Figure 2.

Thge shift-corrected epicentral distribution of the located 68 aftershocks. The size of a solid civcle is proportional to
the magnitude, while the color matches the focal depth (see the depth scale on the right). Star S1 marks epicenter
of the mainshock and star S2 marks the epicenter of the mb 5.0 aftershock, determined by Wetmiller et al. [4].
The coordinate point (o, 0) is at (47.0°N; 66.6°W). The aftershocks in the upper part of the figure were separated
into two groups (the left and right groups) by a gap region indicated by a dashed-line with an arrow at Az 38°.
The aftershocks in the lower part were included in the bottom group. The diamond shows the epicenter of the mb
5.4 aftershock, located using phase readings at stations EBN, GGN, LPQ, and GSQ. The triangles indicated with
5.7, 5.1, 5.4, and 5.0 show the epicenters of the mainshock and its three principal aftershocks, located by Choy et
al. [8]. The epicenter of the mainshock was calibrated to that obtained by Wetmiller et al. [4]; accordingly, the
epicenters of the 3 principal aftershocks were moved with the same amount of the distance and divection as those
of the mainshock. The “beachball” shows focal mechanism of the mainshock calculated from the moment tensor
solution (the global CMT project; globalcmt.ovg). The nodal plane indicated with p2 is the inferved the rupture
plane. The two arrows pointed to the “beachball” show the compressive force direction in the source region.

The focal mechanism of the mainshock was a thrust type (e.g., [7]). The rupture
was inferred to be updip on a west dipping NNE striking fault plane (Choy et al., [8]).
The “beach-ball” is plotted using gCMT data (the global CMT project; globalemt.org),
and the inferred rupture plane is labeled p2 (see Figure 2).

As this earthquake sequence occurred in an almost completely uninhabited region,
the damage was minor. However, investigating this mainshock and its aftershocks
is important for understanding intraplate seismic activity, and assessing the seismic
hazard in the source region and its vicinity for the future.

Since there was no close Canadian digital seismic station, a new station (KLN) was
installed by GSC on 23 January 1982, 14 days after the mainshock, to better monitor
the sequence. The station belonged to the Eastern Canadian Telemetered Network
(ECTN). KLN recorded hundreds of aftershocks, and the waveform record quality was
excellent. Two existing ECTN stations, EBN and GGN, also had clear records for the
larger aftershocks (my > 2.8; the magnitude 7y was defined by Nuttli, [9]). Figure 1
shows the locations of these three stations, as well as those of stations LPQ and GSQ.

Between latitudes 46.88° N — 47.16° N and longitudes 66.35° W-66.80° W, there
were about 700 aftershocks (the smaller aftershocks detected in the field surveys are
not included) in the Natural Resources Canada (NRCan) catalog database. Ma and
Motazedian [10] determined the focal depths for more than 100 aftershocks with
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my > 2.8, using depth phase sPmP recorded at EBN, but left the epicenters unchanged.
Most of the aftershocks in the database were assigned the same epicenter (47.00° N,
66.60° W), which is the epicenter of the mainshock, determined by Wetmiller et al. [4].

For an earthquake with Pg and Sg arrival readings at KLN, Pg at EBN, and Pn
at GGN, a conventional location method can in principle be used to determine its
hypocenter. However, the value of an earthquake’s focal depth is usually much smaller
than those of the station distances; for a seismic phase recorded at a station, the depth
typically has a much smaller contribution to the travel time than that from the station
distance. As such, the error (uncertainty) in the depth is much larger than the uncer-
tainties in the latitude and longitude of an epicenter. To reduce the error in an epicen-
ter, a focal depth can be first determined using a depth phase; then, the epicenter is
located at the depth determined.

Since the station coverage for the sequence was not good (Figure 1), and regional
velocity models are not good either, it was not possible to determine an epicenter for
an aftershock with small absolute errors. However, errors in the relative locations in
a small aftershock group should be smaller and can be obtained using a master-event
method (e.g., [11]).

Since the energy released by the mb 5.4 aftershock is of the same order as that of
the mainshock, the Miramichi earthquake is also called a double-earthquake. The
mainshock and its 3 principal aftershocks were relocated by Choy et al. [8]. The 4
focal depths were determined using a waveform modeling method [10]. The depth of
mb 5.7 was 6.8 km, mb 5.1, 5.5 km, mb 5.4, 5.2 km, and mb 5.0, 2.0 km. The 4 depths
were progressively shallower with occurrence times.

The durations of the surveys conducted by GSC or USGS were shorter than one
week; the epicenters of the aftershocks available from IRIS database have large uncer-
tainties. This implies that no clear patterns for the Miramichi earthquake sequence are
available yet.

Our motivation was to obtain a reliable pattern of the hypocentral distribution by
locating larger aftershocks. In the following sections we briefly introduce the seismic-
ity and geological background in the vicinity of the Miramichi earthquakes; analyze
the waveform data; briefly introduce the methods for locating aftershocks; present
the hypocentral distribution features of the located aftershocks; display the time
series and strength of the three earthquake groups obtained; analyze the errors in the
relative locations between two adjacent aftershocks; and discuss some related issues.

2. Seismicity and geological background in the vicinity of the Miramichi
earthquakes

The Miramichi earthquake sequence locates in the eastern part of the Appalachian
Mountain range (Figure 1). The mountain range is mostly in the United States (US).
It forms a zone from 160 to 480 km wide, running from the island of Newfoundland
southwestward through New Brunswick, Canada to Central Alabama, US. In the north
side, past the mountain range, is located the St. Lawrence River. Along this river, the St.
Lawrence Faults system developed (e.g., [2]). In the northeast side of the Quebec City,
about 100 km away is the Charlevoix seismic Zone (CSZ), which is the most active earth-
quake zone in eastern Canada. In the history, some destructive earthquakes occurred
in the CSZ (seismescanada.rncan.gc.ca/historic-historique/events/18701020-en.php).
Adjacent to the CSZ at the northern side is the Saguenay Graben. The 25 November 1988
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My 5.9 earthquake occurred along this Graben (e.g., Ma et al., [12]). Downstream from
the CSZ, is the Lower St. Lawrence Seismic Zone (LSZ). The largest earthquake detected
is the 16 March 1999 my 5.1 earthquake (e.g., Lamontagne et al., [13]).

3. Waveform data analysis

Figure 1 shows the stations we used to locate the Miramichi aftershocks. The closest
one to the sequence (about 25 km) was KLN. At this station clear Pg- and Sg-phase
were recorded for almost all aftershocks. Figure 3 shows 10 seismograms generated by
10 aftershocks, recorded at KLN. The top 5 traces were generated by the aftershocks
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Figure 3.

Ve%tical component short period displacement seismograms recovded at KLN (along a displacement trace, sPg
phase is easier to identify than along a velocity trace), generated by 10 aftershocks in Table 1. All records are
aligned at the Pg phase. The time on the left side of each vecord is the raw vecord start time. For each aftershock,
the hypocentral distance to KLN is mainly constrained by the time difference Ts, — Tp,, while the focal depth is
mainly constrained by T;p— Tp, The top 5 vecords were generated by the aftershocks in the right group, while the
bottom 5 vecords by aftershocks in the left group (see Figure 2). The 10 aftershocks were selected along a line which
is orthogonal to the located epicenter distribution trend (about Az 38°, see Figure 2). The Ts, — Tp, times along
the top 5 records are shorter than those along the bottom 5 records; due to those epicenters to KLN ave shorter. The
time difference 5t corresponds to the spatial gap between the two groups.
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in the right group (see Figure 2), while the bottom 5 traces by aftershocks in the left
group. The T, — Tp, times along the top 5 traces are shorter than those along the bot-
tom 5 traces; due to those epicenters to KLN are shorter (refer to Figures 1 and 2).

The second closest station was EBN (about 135 km from the sequence). At EBN,
the onset of the Pg phase was usually clear on the seismograms generated by after-
shocks with my > 2.8, so the arrival time of the Pg phase could be measured. Figure 4
shows vertical displacement seismograms recorded at EBN. The trace indicated with
mb 5.4 was generated by the mb 5.4 aftershock. The trace indicated with mb 5.0 was
generated by the mb 5.0 aftershock. The other 4 traces in the top panel were generated
by 4 aftershocks in the left group; the 5 traces in the bottom panel were generated by
5 aftershocks in the right group (see Figure 2). The T, — T'p, times (about 16.54 s)
along the traces 2, 3, 4, and 5 in the top panel, are shorter than those (about 17.04 s)
along the bottom 5 traces; due to those aftershocks in the left group are closer to EBN.
The Tsy — Tpy times along the traces generated by the two principal aftershocks in the
bottom panel are approximately equal; implying that they are in the same group.

The third closest station was GGN (station distance ~200 km). At this station, the
Pn phase generated by aftershocks with my > 2.8, was clear (see Figure 5).

The waveforms at station LMN (station distance ~200 km; Figure 1) were also
analyzed. The Pn phase, generated by aftershocks with my > 2.8, was clear when the
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Figure 4.

Ve%tical component short period displacement seismograms recovded at EBN (station distance ~ 135 km)
generated by 9 aftershocks in the Mivamichi sequence. The trace indicated with mb 5.4 was generated by the mb
5.4 aftershock. The trace indicated with mb 5.0 by the mb 5.0 aftershock. The other 4 traces in the top panel were
generated by 4 aftershocks in the left group; the other 3 traces in the bottom panel were generated by 3 aftershocks
in the right group (see Figure 2). For each aftershock, the hypocentral distance to EBN is mainly constrained by
the time difference Ts, — Tp, The Tsy— Tpy times (about 16.54 s) along the traces 2, 3, 4, and 5 in the top panel arve
shorter than those (about 17.04 s) along the bottom 5 traces; due to those epicenters to EBN are shorter.
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Figure 5.

Trgvel time comparisons. The upper three traces were generated by the master event (ME, No. 36 in Table 1);
the bottom three traces were genevated by a secondary event (SE, No. 44 in Table 1). The time marked along
the bottom axis is relative for conveniently aligning the traces. The symbol to means origin time; APg, ASg, and
APn ave travel time differences. The ovigin times of the ME and SE were aligned for comparison (the determined
values of the two ovigin times are in Table 1; here they were calculated using Sg - Pg times). The travel times for
the ME at KLN: Pg phase is 4.00 s and Sg phase is 6.97 s; at EBN: Pg is 22.15 s; at GGN: Pn is 31.07 s. the travel
times for the SE at KLN: Pg phase is 3.58 s and Sg phase is 6.22 s; at EBN: Pg is 22.65 s; at GGN: Pn is 30.71 5. At
KLN: APg is + 0.42 s (4.00-3.58) and ASg is + 0.75 s (6.97—6.22); at EBN: APg is — 0.50 s (22.15-22.65); at GGN:
APn is + 0.36 s (31.07—30.71). These differences determine the velative positions of the two aftershocks. These
traces are vertically enlarged, horizontally expanded, and interpolated to 100 points/s, the arrival times could be
measured with a precision of 0.01s.

seismograph at this station operated normally. Unfortunately, in 1982, the seismo-
grams at LMN were often rectangular pulses with different amplitudes (probably due
to instrument malfunction), so the Pn arrival times could only be measured for some
aftershocks. As such, the waveform records were not used for the locations.

The Pn phase at stations LPQ and GSQ are also clear for aftershocks with magni-
tude my > 3.5. The Pn phase at these two stations and at GGN, as well as Pg and Sg at
EBN were used to locate the mb 5.4 aftershock.

4. Methods
4.1 A simplified master-event relocation method

Master-event relocation methods have been studied and used by many scientists
(e.g., [11, 14-16]). The steps in the master-event method described by Havskov and
Ottemoller [11] are as follows: (1) Locate the master-event (ME) using a conventional
location method; (2) Select stations and phases which are common to the ME and
the slave-events (SEs); (3) Calculate the residuals at the selected stations for the ME;
(4) Add the residual of a certain phase to the arrival time readings of the same phase
for the ME and SEs; and (5) Relocate all events (the ME and the SEs) using a conven-
tional event locating program.
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The step (2) is necessary. We tested that once this necessary step was kept the
uncertainty between two adjacent epicenters can be small, and the epicenter dis-
tribution pattern can be reliable, so we only kept this step in our work. We used the
program in SEISAN (e.g., [17] to locate the aftershocks.

4.2 A depth phase modeling procedure to determine a focal depth

When the Pg- and Sg-phase arrival times at KLN, Pg at EBN, and Pn at GGN are
available for an aftershock, theoretically the four source parameters (origin time, latitude,
longitude, and focal depth) can be determined using the four time readings. However,
the uncertainty in the four parameters could be large, especially that in focal depth. In
practice, if only a few arrival time readings are available or station coverage is poor, the
focal depth is assigned a nominal value to stabilize the location when locating an event.

To reduce uncertainties in epicenters due to uncertainty in focal depth, the time
difference along a trace between depth phase sPg and its reference phase Pg (Figure 3)
is used to first retrieve a reliable focal depth for the aftershock that generated the trace;
then, the epicenter of the aftershock is located at the focal depth retrieved. In this way,
the trade-off between the epicenter and the focal depth is removed, so the uncertainty
in the epicenter can be dramatically reduced.

The crucial step in the procedure to retrieve a focal depth using a depth phase is
the generation of the synthetic traces along which the depth phase appears. In gener-
ating synthetic waveforms, a crustal model, station distance, focal mechanism, and
focal depth are needed input parameters. Since the crustal structures through which
the waves travel are related to travel times, the crustal model is a key input parameter.
The reflectivity method [18], the centroid moment tensor solution for the Miramichi
mainshock from the gCMT Catalog (see data and resources section), and the crustal
model introduced in next section were used to generate the synthetic traces. The
details of the depth phase studies can be found in e.g., [19-22].

5. Crustal model

There are several studies on crustal models for eastern Canada (e.g., [23, 24]).
Rayleigh-wave dispersion data from the 23 June 2010 My, 5.2 earthquake about
60 km northeast of Ottawa, Ontario [25], were used to obtain 14 crustal velocity
models around the epicenter [24]. The Rayleigh wave travel paths for model No. 8 ran
approximately through the Miramichi region.

In recent years, some shallow, small earthquakes occurred in the Miramichi
region. Those small earthquakes generated Rg-wave (Rayleigh waves traveling in the
crust) records. Using the Rg-wave dispersion data, models for the shallow part of the
crust (0-10 km) were obtained [26]. A velocity model was formed for the Miramichi
region by replacing the shallow part of the model by Motazedian et al. [24] with the
model reported by Ma [26]. The Vp/Vs ratio is assumed to be 1.74.

6. Aftershock locations
6.1 Location of the ME and the adjustment to the crustal model

We selected amy 3.5 aftershock (No. 36 in Table 1) as an ME. Its waveforms were
presented in the upper three traces in Figure 5. This aftershock had very clear onsets
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Figure 6.

Regi(mal depth phase sPg modeling at KLN (distance 23.6 km) for the ME. The top synthetic vertical trace
U_D/5.5 was generated using a depth of 5.5 km. Other synthetic traces were generated with a depth increment of
0.1 km. Trace KLN/SHZ is the observed vertical short period seismogram at KLN. The synthetic and the observed
Pg are aligned. The time diffevence between sPg and Pg along trace U_D/5.9 and the time difference along the
observed trace is approximately equal. Therefore, the modeled depth for the ME is 5.9 km.

of phases Pg, Sg, and Pn; the arrival time readings can be accurate. A focal depth of
4.5 km was previously estimated using the depth phase sPmP, recorded at EBN, and
the epicenter (47.0°N, 66.6°W) of the mainshock [10]. However, the sPmP — PmP
time could not be accurately measured at EBN (see Figures 5 and 6 in [10]), result-
ing in an uncertainty of about 1.0 km in focal depth. In this article, we increased
the depth accuracy by using the depth phase sPg at KLN. Figure 6 demonstrates the
depth phase sPg modeling for the ME. The top trace U_D/5.5 was generated using

a depth of 5.5 km; other synthetic traces were generated with a depth increment

of 0.1 km. The sPg - Pg time along trace U_D/5.9 and the time difference along the
observed trace were approximately equal, so the modeled focal depth was 5.9 km. As
the arrival times of Pg and sPg could be precisely compared, the uncertainty in the
focal depth obtained using sPg was reduced.

After the focal depth for No. 36 was obtained, the SEISAN computer program was
run at the newly obtained focal depth value. During the first trials of the epicentral
location, the residuals between the arrival times of the observed and the calculated
Pn phases at GGN were not small, so the P wave velocity value in the crustal model
beneath the Moho was adjusted to reduce the residuals.

6.2 Location of the 68 aftershocks

The aftershocks with my > 2.8 that occurred after KLN installation usually had
clear onsets of Pg and Sg phases at KLN, Pg at EBN, and Pn at GGN. Of the 113 after-
shocks for which the focal depths were determined [10], 68 satisfied the requirements
for using the ME relocation method. Therefore, 68 aftershocks were located at the
focal depths determined using depth phase sPg. The epicenters of the 68 aftershocks
are plotted in Figure 2 and listed in Table 1.
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6.3 Epicenter corrections

Since the station coverage was poor, the available arrival time readings were
limited, and a 1-D crustal velocity model used, an epicentral shift relative to its true
location was unavoidable. To obtain an epicentral distribution with absolute errors as
small as possible, we performed an epicentral shift correction.

The star labeled S2 in Figure 2 marks the epicenter of the mb 5.0 aftershock,
determined by Wetmiller et al. [4] using the centre of the small aftershocks they
detected. It was assumed that the epicenter had smaller absolute errors compared to
the epicenter for the same aftershock we obtained. The reason is that Wetmiller et al.
[4] used the arrival times at portable stations which were less than 10 km from the
earthquake sequence the absolute errors in the small aftershocks they detected were
small. Accordingly, the absolute errors in the epicenter of the mb 5.0 they obtained
were smaller. The differences between the two epicenters for the same mb 5.0
earthquake were subtracted from the epicenters of all the 68 aftershocks in Table 1.
Figure 2 shows the corrected epicentral distribution.

6.4 Location of the mb 5.4 aftershock which did not have KLN record

Since the mb 5.4 aftershock was strong, it had clear Pg and Sg at EBN (Figure 4),
clear Pn at GGN, LPQ, and GSQ, and it already had an accurate focal depth solution
[10], so it can be located without a record at KLN. The aftershock mb 5.0 also had
common phase arrival time reading as those of the mb 5.4, and had an accurate focal
depth solution, so the mb 5.0 can also be located with the same precision as that of
the mb 5.4. After the two epicenters were obtained using the arrival time readings
at the above 4 stations, the epicenter of the mb 5.0 was corrected to that obtained
by Wetmiller et al. [4]; accordingly, the epicenter of the mb 5.4 was moved the same
amounts in latitude and longitude as did for the mb 5.0. The diamond symbol indi-
cated with 5.4 in Figure 2 shows the corrected epicenter for the mb 5.4 aftershock.

6.5 Distribution features of the located hypocenters

After the epicenter shift correction, the mainshock is located within the southern
part of the located aftershock cluster (Figure 2). Most aftershocks occurred within a
5 x 5 km” area, with the remaining ones scattering to the southwest. Overall, the after-
shocks trend in a northeasterly direction (about Az 38°). This trend is close to the strike
of one of the nodal planes for the mainshock obtained by the CMT group (202°) and by
Choy et al. ([8]; 195°). Within the overall trend, the located aftershocks appear to form
a pair of northeast trends separated by a gap region indicated by a dashed-line at Az 38°.

To observe more distribution features, the epicenters were divided into three groups:
the left group, right group, and the bottom group (Figure 2). The hypocenters in the
left and right groups were projected onto a vertical plane at Az 128° (Figure 7). The gap
region indicated by a vertical dashed line in the figure separates the aftershocks into
clearly two groups. The hypocenters on the left side were clustered together, and most
were in a depth range of 4 to 6 km. In this left group only one aftershock with mag-
nitude >5.0, of which the epicenter (the triangle) was determined by Choy et al. [8].
This epicenter and its focal depth have been corrected for comparison. The hypocenters
on the right side were distributed from about depth 7 km to about 2.5 km. In this right
group the mainshock and aftershocks mb 5.4 and mb 5.0 located. The triangles show the
projections of hypocenters determined by Choy et al. [8].
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Figure 7.

Pr%jectiom of the shift-corrected hypocenters in the left and right groups onto a vertical plane, striking at Az 128°
(NW-SE) indicated in Figure 2. The diamond shows the projection of the hypocenter for the mb 5.4 aftershock,
determined in this article. Most of the aftershocks occurred at depths between 3 km and 6 km. Stars S1 and

S2 represent the hypocenter projections of the mainshock and the mb 5.0 aftershock, respectively, obtained by
Wetmiller et al. [4]. The triangles indicated with 5.7, 5.1, 5.4, and 5.0 show the projections of the mainshock and
its three principal aftershocks, located by Choy et al. [8]. The epicenter of the mainshock was calibrated to that
obtained by Wetmiller et al. [4]; the epicenters of the 3 principal aftershocks were moved with the same amount
of the distance and divection as those of the mainshock, accordingly. The 4 focal depths were calibrated to those
obtained by Ma and Motagedian [10].
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Projection of the located 68 hypocenters (the epicenters were shift-corrected) onto a vertical plane, striking at
Az 38° (NE-SW), indicated by a dashed line with an arrow in Figure 2. Most of the aftershocks occurred at
depths between 2 km and 6 km. Stars S1 and S2 vepresent the hypocenter projections of the mainshock and the
mb 5.0 aftershock, obtained by Wetmiller et al., [4]. The triangles indicated with 5.7, 5.1, 5.4, and 5.0, show
the hypocenter projections of the mainshock and its 3 principal aftershocks, velocated by Choy et al., [8]. The
aftershocks were separated into two groups by a gap region indicated by a vertical dashed line. Most of the
aftershocks occupy a vegion of around 5 x 5 km®.

We also projected all the corrected hypocenters onto a vertical plane at Az 38°
(Figure 8). The aftershocks were separated into two groups by a gap region indicated
by a vertical dashed line. The aftershocks at the left side of the vertical line are those
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in the bottom group in Figure 2. The aftershocks at the right side are those in the

left and right group. They occupied a region of around 5 x 5 km”. Comparing to the
region the left and right groups occupied in Figure 2, it can be inferred that the source
volume formed by the left and right group is about 5 x 5 x 5 km’.

7. Time series and strength of the three earthquake groups

In Section 6 the spatial features of the located aftershocks were analyzed. In this
section the time series and the strength of the three earthquake groups are very
briefly analyzed. After the events were sorted and plotted in Figure 9, we found in
the upper panel (a), the right group (see Figure 2) there are 23 events, 6 of them with
magnitude >4.0; in (b), the left group, 26 events, 2 of them with magnitude >4.0;
and in (c), the bottom group, 22 events, only 1 of them with magnitude >4.0. Rough
calculations show that the energy released in the right group is more 10 times than
that in the left group; more 200 times than that in the bottom group. A common fea-
ture is that after 7 years since the mainshock, aftershocks still occurred in all groups.
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Figure 9.

Time series and strength of the 3 earthquake groups. Each vertical line segment stands for an earthquake; the
length shows the magnitude; the position along horizontal axis shows the origin time (the origin time of the
mainshock was set to 0). (a) In the right group (see Figure 2) there are 23 events, 6 of them with magnitude > 4.0.
(b) In the left group, 26 events, 2 of them with magnitude > 4.0. (c) In the bottom group, 22 events, 1 of them
with magnitude > 4.0. All the origin times of the earthquakes were converted into Unix epoch times, and the
origin time of the mainshock was set to o. The time duration is from 1982-0109 12:53 52 to 1989—0109 12:53 52.
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8. Error estimates in the relative locations of epicenters

When the azimuthal station coverage of an event is not good, the calculated
location can move away from the true location because of the inaccuracy in the used
velocity model [27]. Figure 1 shows that the station coverage was not good, and the
shifts were unavoidable in the epicenters we obtained. In this section, we examine the
uncertainties (errors) in the relative locations between one epicenter and another. If
the errors are small, the patterns of the epicentral distribution are reliable.

Errors in locations could be caused by inaccuracies in the used crustal model. To
examine if the errors in the relative locations between two epicenters in a group were
small, a location test for the ME and one SE was performed. We chose two aftershocks
(the ME, No. 36, and an SE, No. 44, in Table 1; both have clear onsets, Figure 5).
Figure 10 shows the obtained epicenters of the two aftershocks using the same two
data sets of arrival time readings but different crustal models and crustal thicknesses.
The solid circle with mb 5.7 shows the location of the mainshock, determined by
Wetmiller et al., [4]; the two solid squares show the locations of the ME and SE,
obtained using our crustal model and a crustal thickness of 32 km. The two solid
circles labeled 32, 34, 36, and 38 mark the epicenters of the same two aftershocks
obtained using the GSC crustal model (Vp = 6.2 km/s) and crustal thicknesses of 32,
34, 36, and 38 km, respectively.
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Figure 10.

The epicenters located using different crustal models for the same 2 aftershocks. The solid circle with mb 5.7
represents the epicenter of the mainshock, determined by Wetmiller et al., [4]; the two solid squares with ME and
SE represent the located epicenters using our crustal model with thickness of 32 km. The 2 solid circles side by side
show the same two aftershocks, located with the GSC crustal model (Vp = 6.2 km) and crustal thicknesses of 32,
34, 36, and 38 km, respectively. When the crustal thickness was changed, the 2 epicenters moved, but their relative
positions were visually unchanged.
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As shown in Figure 10, the epicenters of the two aftershocks mainly shifted south-
wards, and the relative locations of the two aftershocks were visually unchanged.

When the two epicenters were over plotted, only subtle changes in relative distances
and relative azimuths between the two epicenters could be found. The absolute locations
of two epicenters were determined using the calculated travel times, the same crustal
model, and the same two sets of observed arrival times. When the parameters in the
crustal model change, an increase or decrease in the calculated travel times causes the
epicenter to move accordingly. Since the relative locations are mainly determined by
the differences in the two sets of observed travel times (Figure 5), when the observed
travel time readings were not changed, the relative distances and relative azimuths
between the two epicenters could only have subtle changes, due to the change in used
crustal model. Therefore, this test shows that errors in a crustal model cause system-
atic errors in the epicenters of an earthquake group, the errors in the relative locations
in a group are very small.

Qualitatively speaking, two major types of errors -- errors in the crustal model and
in the phase arrival time readings, cause the errors in the epicenters. The errors in the
epicenters caused by arrival time reading errors may be roughly estimated. Along the
top trace in Figure 5, the Sg — Pg time is & t = 6.97-4.00 = 2.97 s. If the P-wave trav-
eled to station KLN with Vp = 6.2 km/s, and Vp/Vs = 1.74, the distance between the
station and the epicenteris A=5¢ xVp/(1.74—1)=24.88 km. Since the precision of
arrival time readings is to 2 decimal places, the reading errorin J¢is +0.02's, and
the error in the station distance is 5A = +0.02xVp /(1.74 —-1) = £0.17 km. If the error
in the crustal model causes a +3.5 km error in the latitude of an aftershock, the total
error (caused by the error in the crustal model and the error in arrival time readings)
is +3.5+£0.17 = +3.67 or +3.33 km.

Since the same crustal model and arrival time readings of the common phases at
the common stations were used to locate the aftershocks, the signs for the absolute
errors in the output files should be same. For example, the epicenter of aftershock
a is (46.977° £3.2 km, —66.612 +3.1 km; #36 in Table 1), and the epicenter of after-
shock b is (46.982° +3.3 km, —66.613 +3.2 km; #37). For aftershock a, if we take
(46.977° +3.2 km, —66.612-3.1 km), then b is (46.982° +3.3 km, —66.613-3.2 km).

In other words, for all aftershocks, the same sign of the errors (+ or -) needs to be
assigned because the same crustal model was used. The error caused by the crustal
model dominates the total error in an epicenter in the output files of the location
program.

The errors in the relative locations of two adjacent aftershocks may be
mathematically estimated using the absolute errors in their epicenters. Assume that
the epicenters of any two adjacent earthquakes a and b are (latitude_a, longitude_a)
with errors (err_na, err_ea) and (latitude_b, longitude_b) with errors (err_nb,
err_eb). If vectors A = AO + AA = (latitude_a, longitude_a) + (err_na, err_ea) and
B =BO0 + AB = (latitude_b, longitude_b) + (err_nb, err_eb), then the vector difference
isC=B-A=(B0O-A0) + (AB-AA) = CO + AC. Then we obtain CO = (latitude_b
- latitude_a, longitude_b - longitude_a) and AC = (err_nb - err_na, err_eb - err_ea).
Vector CO shows the location of b relative to that of @, while vector AC shows the
errors in the location of b relative to a. Assume aftershock No. 8 in Table 1 is 2 and
one of its adjacent aftershocks, No. 14, is b, the errors in the location of No. 14 relative
to that of No. 8 are —0.1 km (2.5-2.6) in latitude and — 0.1 km (1.8-1.9) in longitude.
No. 13 and No. 15 are adjacent, and the errors in their relative location are
(=0.1km, —0.1 km).
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For any given aftershock in Table 1, its neighbor events can be found by compar-
ing its distances to other aftershocks. For a given aftershock the distance from its
closest neighbor event, the module of its AC with its closest neighbor, and the ratio
of this module over this distance are listed in Table 1. The average of the modules
is 0.183 km, which is much smaller than the gap indicated by the line with an arrow
at Az 38° in Figure 2 or that indicated by the vertical line in Figure 7; therefore, the
pattern of the obtained hypocenters is reliable.

9. Discussion and conclusion

More than 40 years ago, on 9 January 1982 in the Miramichi region of north-central
New Brunswick, an earthquake with magnitude mb 5.7 occurred. Since the digital
seismographs had not been widely deployed at that time, the source parameters of the
mainshock and its aftershocks were not well determined. We analyzed the seismograms
and found that at station KLN, there were very clear onsets of Pg- and Sg-waves, at EBN,
clear onsets of Pg-waves, and at GGN, clear onsets of Pn phase for the larger aftershocks.
We also unexpectedly found that the depth phase sPg was well developed and recorded
at KLN. Once the velocity records were converted into displacement records, the onsets
of the depth phase could be read correctly and accurately. The depth phase information
can be used to determine focal depth accurately, and the Pg, Sg, and Pn arrival time read-
ings at the three stations can be used to stably determine epicenters and the origin times
at fixed focal depth using a conventional location method. To obtain a reliable epicentral
distribution pattern, the uncertainties (errors) in the relative locations of the epicenters
need to be small. To reduce errors in the relative locations, we used a simplified master-
event method; specifically, we used the elite part in the master-event method. By using
arrival time readings of the common four phases at the same three stations, the errors in
the relative locations of adjacent aftershocks can be small.

In our study on the locations of larger aftershocks in the Miramichi sequence, we
made a great effort to reduce the errors in the relative hypocenters. The errors in the rela-
tive locations between an epicenter and its closest neighbor event are listed in Table 1.
Most of the values in the modu column are less than or equal to 0.3 km, which is smaller
than the narrowest part of the gap indicated by the dashed vertical line in Figure 7. In
another word if any epicenter in the left group is moved by 0.3 km in any direction, it
cannot go into the right group. This implies that the pattern of two groups is reliable.

The left and right group phenomenon could be observed by arranging the
waveform records at stations KLN and EBN. Figure 3 shows the vertical component
seismograms recorded at KLN, generated by aftershocks along a line approximately
running through KLN at about Az 128°. The top 5 records were generated by the
aftershocks in the right group, while the bottom 5 records by aftershocks in the left
group (see Figure 2). The Ts, — Tp, times along the top 5 records are shorter than
those along the bottom 5 records; due to those epicenters to KLN are shorter. The time
St indicated along the bottom trace in Figure 3 corresponds to the spatial gap between
the left and right group. Similarly Figure 4 shows vertical component seismograms
recorded at EBN generated by 9 aftershocks, occurred along a line running through
EBN at about Az 128°. The Ts, — Tp, times (about 16.54 s) along the traces 2, 3, 4, and
5 in the top panel (left group) are shorter than those (about 17.04 s) along the bottom
5 traces (right group). The time difference 0.5 s (17.04-16.54) also corresponds to the
spatial gap between the left and right group in Figures 2 or 7.
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In Figure 2 the located aftershocks were divided into three groups. The main-
shock, its largest (mb 5.4), and the mb 5.0 aftershocks are in the right group. In the
left group only one principal aftershock (the mb 5.1) occurred there. The total energy
released in the right group is more 10 times than that released in the left group. The
fault in the right group is larger than that in the left group. However, the located
aftershock number is 26 in the left group, more than that (No. 23) in the right group
(Figure 9). The left group looks like an earthquake swarm.

The aftershocks we located were in about 8 years when KLN station was operated.
Since the mainshock occurrence more than 40 years has past, the aftershock activity
in the source region still continues. The mystery related to the Miramichi earthquake
sequence, such as why there are so many aftershocks, and several principal after-
shocks followed the mainshock, is still waiting for being explored.

Based on the analyses of the located aftershocks in previous sections, the follow-
ing can be concluded: (1) the major source volume was about 5 x 5 x 5 km?; (2) the
focal depths ranged from about 2 km to 7 km; (3) two separate fault systems (the left
and right group in Figure 2) were activated; the right one, activated by the main-
shock and its two principal aftershocks, was large, and most energy was released
there; the left one was small; (4) the trend in the aftershock epicenters was close to
the northeast strike of the nodal plane for the mainshock; (5) the epicenter distribu-
tion trend was parallel to the trend of the Appalachian Mountain range (NE-SW);
and (6) for more than 40 years the aftershocks have been occurring in the mainshock
source region.

The procedure used to locate the Miramichi aftershocks has been successfully used
for other earthquakes (e.g., [28, 29]). It is applicable for any earthquake sequence that
has depth phase records.

The reliable epicentral distribution trends we obtained are crucial information for
the seismic hazard assessment in the source region and its vicinity.
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