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Abstract

Decadal forerunning seismic activity of magnitude Mw 2 5.0 is mapped for
all 45 mainshocks of Mw 7.7 to 9.1 at subduction zones of the world from
1993 to mid 2020. The zones of high slip in nearly all great earthquakes were
nearly quiescent beforehand and are identified as the sites of great asperities
and zones of strong seismic coupling. Much forerunning activity occurred at
smaller asperities along the peripheries of the rupture zones of many great
and giant mainshocks. Those sizes of great asperities as ascertained from fo-
rerunning activity generally agree with the areas of high seismic slip as de-
termined by others from geodetic and tide-gauge data and finite-source seis-
mic modeling. Asperities are strong, well-coupled portions of plate interfaces.
Different patterns of forerunning activity on time scales of about 5 to 45 years
are attributed to either the sizes and spacing of asperities (or lack of). This
permits many great asperities to be mapped decades before they rupture in
great and giant shocks. Several poorly coupled subduction zones such as Java,
Lesser Sunda, Marianas, Tonga and Kermadec are characterized by few great
thrust earthquakes and little, in any forerunning activity. Rupture zones of
many great and giant earthquakes are bordered either along strike, updip, or
downdip by zones of lower plate coupling. Several bordering regions were
sites of forerunning activity, aftershocks, and slow-slip events. The detection
of forerunning and precursory activities of various kinds should be sought on
the peripheries of great asperities as well as within zones of high co-seismic
slip.
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1. Introduction

Most of the world’s great and giant earthquakes have occurred at shallow depths
along plate boundaries at active subduction zones. They are particularly impor-
tant to understand since many have caused extensive destruction and loss of life.
Some have generated large seismic sea waves (tsunamis). Much new seismic,
geodetic and tide-gauge information has become available for shocks of magni-
tude 7.7 to 9.1 that occurred during the last several decades. I examine the spatial
distribution of nearby moderate to large shocks in the 5 to 45 years preceding 45
mainshocks of magnitude 7.7 and greater from 1993 to mid 2020 for the subduc-
tion zones of the world. It is surprising how little has been written about such
preceding events, which I call forerunning earthquakes to distinguish them from
foreshocks of shorter duration. The first aim of this paper is simply to describe
the spatial distribution of forerunning events. Additional earthquakes are shown
in the Supplement.

The second aim is to use forerunning shocks to map great asperities that were
clearly definable and those that were not in the years to decades before they sub-
sequently ruptured in great and giant shocks. Understanding forerunning seis-
mic activity and where it occurs with respect to both the centroids of slip in
mainshocks and their high displacements are emphasized. Very large main-
shocks and their forerunning events are described in terms of the rupture of as-
perities of various sizes, ie., strong, well-coupled portions of plate interfaces at
subduction zones. Some parts of plate boundaries consist of great asperities that
are well coupled, i.e, largely locked, during the slow process of stress buildup to
very large earthquakes. Others, so called low-coupling zones (LCZ), are identi-
fied as the sites of smaller asperities and moderate-size forerunning and after-
shock activity. Much forerunning activity as well as several slow-slip events de-
scribed in the literature occurred in low-coupling zones adjacent to or on the pe-
ripheries of great asperities. I also describe forerunning cumulative seismic mo-
ment before a few great and giant earthquakes and how it changes (or not) with
time. A third aim of the paper is to discuss its implications for earthquake pre-
diction and hazards assessment for various time scales.

In the past, most shorter-term precursory seismic activity was identified only
after the occurrence of large earthquakes. Typically, it has been difficult to dis-
tinguish it from other events that happen during the long periods of stress buil-
dup to large earthquakes. One such example is the series of moderate to large
events that occurred several days before the giant Tokoku-oki Japanese earth-
quake of 2011. Most seismologists now regard that series as a short-term pre-
cursor but did not identify it as such ahead of time. This is not a review of pre-
cursory activities but only an attempt to put them in the context of longer-term
forerunning phenomena. One reason for distinguishing forerunning from pre-
cursory activity is that the latter changes with time. The rate of forerunning shocks
may or may not change over decades.

Mogi [1] described rupture in the lab of two quite different substances: ho-
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mogeneous pine resin and inhomogeneous granite, andesite and pumice. The
rupture of pine resin at high stress was not preceded by forerunning small seis-
mic events whereas failures of those inhomogeneous rocks were. The presence of
inhomogeneities seems to be essential, at least in principle, to the occurrences of
forerunning, precursory and aftershock activities not only in the lab but also at
larger scales at plate boundaries. The literature contains abundant descriptions
of inhomogeneities and asperities of various sizes along plate boundaries.

More study of the distribution of strong and weak regions along and near
major faults is needed not only to understand the physics of earthquakes but also
whether long-term earthquake prediction is either possible or unlikely for spe-
cific segments of plate boundaries. Strong regions that are more difficult to
break are called asperities in the rock mechanics and seismological literatures. I
use the terms asperities and plate coupling extensively. Some parts of plate boun-
daries remain locked and well-coupled during stress accumulation; others are
sites of poorer coupling, moderate-size shocks, and slow earthquakes. Some in-
formation about the physical and geological factors that govern strong and weak
asperities such as plate roughness, differences in lithology and fluid pressure are
described but not in much detail.

This study examines all shocks of magnitude 7.7 to 9.1 from 1993 to mid 2020
that ruptured segments of the active subduction zones of the world. The distri-
butions of events of magnitude 6 and larger are examined as well for the 40 years
before the giant Chilean earthquake of 1960. For most of those great and giant
events, others have analyzed the detailed distribution of large displacement (slip)
over their main rupture zones using seismic observations and data from the
Geodetic Positioning System (GPS) and tide gauges. They found that areas of
major displacements were typically smaller than the sizes of aftershock zones.

The main contribution of this paper is to map the distribution of forerunning
earthquakes to 47 thrust shocks at subduction zones and to compare them with
areas of major slip computed by others from geodetic and seismological data.
Most previous work has focused on individual large earthquakes and not on
what can be ascertained by examining many of them worldwide. Relatively little
attention has been paid to the locations of forerunning activity.

Most very large earthquakes have occurred where plate coupling is high as
reported in the literature. I find that rupture zones of many great and giant
earthquakes are quiet for decades ahead of time. Those quiet zones are often
bordered by zones of poorer plate coupling either along strike, downdip, updip
or all of those dimensions. Some of the clearest examples of forerunning activity
to large earthquakes are sought with the hope that better knowledge gained from
them will permit less well-defined cases to be better interpreted.

How can great asperities be identified beforehand if they do not rupture until
the time of a great or giant shock? I find that earthquakes of moderate to major
size in the decades before very large events mostly occurred near the peripheries
of great asperities that later broke in great earthquakes. Moderate to major size

shocks can be used to map great asperities that are mostly quiet seismically be-
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fore they rupture in either great or giant events. This has an analogy to describ-
ing the sizes of black holes in cosmology. Activity has been observed on the pe-
ripheries of black holes, but their interiors inside event horizons are opaque to
astronomers. By analogy, precursory seismic and geodetic changes prior to great
events should be sought on the peripheries of great asperities and not just within
them. Some claims that large earthquakes do not have precursors resulted from
sampling only the faults that ruptured in mainshocks. Those authors often were
looking in the wrong places.

This study builds upon previous work on great and giant earthquakes, seismic
gaps and forerunning and aftershock activities [2]-[7]. Seismic gaps are seg-
ments of active plate boundaries that have not been the sites of large earthquakes
for decades to hundreds of years. Pérez and Scholz [6] studied shocks of magni-
tude 7 and larger before and after six giant earthquakes between 1952 and 1965.
They found that forerunning activity tended to be concentrated near the ends of
the rupture zones of coming giant earthquakes. These works typically used the
extent of aftershock zones in mapping rupture zones of great earthquakes. They
did not have access to either GPS data, tide-gauge measurements seaward of
subduction zones, centroid locations of earthquakes, information on slow-slip
events or finite-fault slip computations of high slip. Forerunning earthquakes of
magnitudes as small as 5.0 are used in this paper. This permits many forerun-
ning events to be used for the decades prior to individual great and giant earth-
quakes. A similar analysis includes great strike-slip and intraplate mainshocks
[8].

The distributions of forerunning activity, great and moderate-size asperities,
differences in plate coupling, and velocity strengthening and weakening mate-
rials can be considered as the building blocks or the architecture of seismic ac-
tivity at subduction zones. Some may be useful for more detailed predictions or

forecasts of earthquakes.

2. Methods

Giant earthquakes are defined as those of seismic magnitude 8.5 or larger on the
moment magnitude scale, Mw, and great shocks as those of 7.7 < Mw < 8.5. Mw
and its corollary seismic moment, Mo, are needed to quantify the very large di-
mensions and magnitudes of great and giant earthquakes. Seismic moment, Mo
in N-m, is related to Mw by

logMo = 1.5 Mw + 9.1 (1)

I define major shocks as those of 7.0 < Mw < 7.7 and moderate-size earth-
quakes as with 5.0 £ Mw < 7.0. In this paper I examine earthquakes of Mw 5.0
and greater and focus on shallow events on or near plate boundaries of the sub-
duction type.

From 1993 through mid 2020, 69 shallow earthquakes occurred worldwide of
Mw = 7.7. Of those, 45 were located at subduction zones, 9 were strike-slip

events in the oceans, 8 were strike-slip shocks within continents and subduction
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zones, 5 involved normal faulting, and 2 were thrust events within continents.
All 45 great and giant events along subduction plus one earthquake of Mw 7.6
and another in 1992 are examined here. A brief summary follows the analysis of
each mainshock.

Earthquake locations, mechanisms and magnitudes are from the Global Cen-
troid Moment Tensor catalog (GCMT) catalog since it started in 1976 [9] [10].
Older locations and magnitudes are from the Bulletin of the International Seis-
mological Centre and the 1992 catalog of Pacheco and Sykes [11]. GeoMapApp
[12] was used for bathymetry and topography. Calculations of slip distributions
in individual large earthquakes are taken from the literature as identified in the
captions.

Centroids of slip are plotted here whenever possible rather than merely the
points where slip initiated. Those points or hypocentral locations determined
using short-period data are often biased too far landward by the velocity struc-
ture of the downgoing plate. GCMT locations and their magnitude, Mw, utilize
some of the largest and longest-period seismic waves recorded. In contrast,
shorter-period magnitudes, such as mb, do not give an accurate estimate of size
for great and giant earthquakes. The types of GCMT focal mechanisms in the
figures are distinguished in terms of thrust, normal, strike-slip and reverse fault-
ing. GCMT solutions have improved over time and been extended to events as
small as Mw 5.0 [13].

Uncertainties exist in the relative and absolute locations of the centroids of the
shocks analyzed here as well as in computations by others of areas of large slip in
mainshocks. For the computations of zones of high slip, I used published results
where analyses included whenever possible local and distant seismic data, geo-
detic observations of various types and sea level observations from buoys sea-
ward of subduction zones.

Howe [14] used cross correlation of Love and Rayleigh waves from nearby
earthquakes along the eastern Aleutian subduction zone to calculate double-
difference relative locations of events of Mw > 5.5. He found, “The resulting ep-
icenters are relocated an average distance of 16:3 = 9:5 km.” Those uncertainties
become too large for some forerunning events of Mw < 7.8 and a few as large as
8.0. Relative locations likely can be improved by applying double-difference me-
thods.

Zones of high computed slip for major, great and giant earthquakes, often
called finite-fault rupture models, involve variations in slip over the area of indi-
vidual fault ruptures during large earthquakes. In the figures I typically plot two
contours of high slip from sources in the literature along with forerunning activ-
ity and the centroids of mainshocks. The high slip contours of 4 and 24 m are
shown for the giant 2011 Japanese earthquake of Mw 9.1, 0.5 and 3 m for the
great Iquique shock of Mw 8.1 and 1 m for two slow-slip events south of Java.
Maximum slip typically increased considerably between Mw 7.7 and 9.1.

After the start of the GCMT database in 1976, I needed to have many years of

forerunning activity for an adequate analysis of a subsequent shock. Hence, the
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moderate, great, and giant shocks studied here were limited to the period 1993 to
August 2020 (Table 1).

Table 1. Mainshocks examined in this paper.

Latitude Longitude Depth Magnitude
Earthquake Date Figure
GCMT GCMT GCMT Mw
Hokkaido, west coast 1993 July 12 4271 N 139.28 E 16 7.71 S12
Guam, Marianas 1993 Aug 8 13.06 N 14531 E 59 7.74 S2
Java, Indonesia 1994 June 2 11.03 S 113.04 E 15 7.8 13
Kauril Islands 1994 Oct 4 43.60 N 147.63 E 68 8.3 38 to 39
Honshu Japan 1994 Dec 28 40.56 N 142.99 E 28 7.73 S11
Antofagasta, Chile 1995 July 30 24.17 S 70.74 W 29 8.0 19
Solomon Islands 1995 Aug 16 5.518 153.64 E 46 7.71 34
Jalisco Mexico 1995 Oct 9 19.34 N 104.80 W 15 8.0 S4
Kuril Islands 1995 Dec 3 4482 N 150.17 E 26 7.9 40
Minahassa Pen Indon 1996 Jan 1 0.74 N 11993 E 15 7.9 S5
West Irian, Indonesia 1996 Feb 17 0.67 S 136.62 E 15 8.2 32
Western Aleutians 1996 June 10 51.10 N 177.41 W 29 7.9 43 to 44
Peru 1996 Nov 12 15.04 S 7537 W 37 7.71 17
Santa Cruz Islands 1997 Apr 21 13218 166.20 E 51 7.69 S10
Kamchatka 1997 Dec 5 5431 N 16191 E 34 7.8 45 - 46
New Ireland 2000 Nov 16 4.56 S 152.79 E 24 8.0 S7
New Ireland 2000 Nov 16 5.03 S 153.17 E 31 7.8 S7
New Brtain-N Ireland 2000 Nov 17 5.26 S 152.34E 17 7.8 S7
Peru, Arequipa 2001 Jun 23 17.28 S 7271 W 30 8.4 18
Tokachi-oki, Japan 2003 Sept 25 4221N 143.84 E 28 8.3 2&3
Rat Is, Aleutians 2003 Nov 17 51.14 N 177.86 E 22 7.75 41 to 42
Sumatra, Indonesia 2004 Dec 26 3.099N 9426 E 29 9.0 24 to 25
Nias Sumatra 2005 Mar 28 1.67N 97.07E 26 8.6 27 to 28
Tonga Islands 2006 May 3 20.16 S 174.14 W 68 8.0 S3
Java, Indonesia 2006 July 17 10.28 S 107.78 E 20 7.71 13
Kuril Islands 2006 Nov 15 46.71 N 15433 E 14 8.3 12
Solomon Islands 2007 Apr 1 7.79 S 156.34 E 14 8.1 33
Peru 2007 Aug 15 0.00 77.04 W 34 8.0 16
Sumatra, Indonesia 2007 Sept 12 3.78 S 100.99 E 24 8.5 30
Sumatra, Indonesia 2007 Sept 12 2.46 S 100.13 E 24 7.9 30
Chile, northern 2007 Nov 14 22.64 S 70.62 W 20 7.72 20
Irian Jaya, Indonesia 2009 Jan 3 0.38 S 132.83 E 15 7.66 S6
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Continued
New Zealand, S Island 2009 July 15 45.85S 166.26 E 24 7.8 37
Santa Cruz Islands 2009 Oct 7 11.86 S 166.01 E 42 7.8 S9
Maule, Chile 2010 Feb 27 35988 73.15 W 23 8.8 6to8
Sumatra, Indonesia 2010 Apr 6 2.07 N 96.74 E 18 7.8 29
Sumatra, Indonesia 2010 Oct 25 3718 99.32E 12 7.8 31
Tohoku-oki, Japan 2011 Mar 11 37.52N 143.05 E 20 9.1 9to 11
Off E Coast Japan 2011 Mar 11 35.92 141.38 29 7.9 9
Nicoya, Costa Rica 2012 Sept 5 10.00 N 85.64 W 30 7.62 14
Queen Charlotte, BC 2012 Oct 28 52.61 N 132.06 W 12 7.8 S17
Santa Cruz Islands 2013 Feb 6 11.18S 16521 E 20 7.9 35 to 36
Iquique, Chile 2014 Apr 1 19.70 S 70.81 W 22 8.1 4&5
Tocopilla, Chile 2014 Apr 3 20.43 S 70.60 W 29 7.73 4&5
Illapel, Chile 2015 Sept 16 31.228 7227 W 18 8.2 21
Pedenales, Ecuador 2016 Apr 17 0.16 S 80.35 W 24 7.8 15
Solomon Islands 2016 Dec 8 10.46 S 161.12 E 46 7.8 34
New Ireland 2017 Dec 17 5.55S 153.76 E 53 7.9 S8
Shumagin Is, Alaska 2020 July 22 54.84 N 159.27 W 37 7.8 S13&14
Other
Southern Chile 1960 May 22 38208 73.50 9.6 22t024
Flores Indonesia 1992 Dec 1 8.34S 12249E 20 7.7 S15
Nepal 2015 Apr 25 2791 N 8533 E 12 7.9 S16
3. Results

3.1. Asperities, Earthquakes and Low-Coupling Segments

Figure 1 illustrates schematically two interacting plates at a subduction zone and
the various sizes of asperities that break in earthquakes at different locations and
depths. The greatest earthquakes, which are taken here to break the largest as-
perities, typically occur at depths of about 15 to 40 km but sometimes as great as
70 km. Great asperities are largely or totally locked during periods of slow stress
buildup to mainshocks whereas smaller asperities on their peripheries rupture in
forerunning earthquakes of moderate to large size as well as in aftershocks. Many
slow-slip seismic events described in the literature occur in low-coupling zones
between great asperities as well as down and up dip of them.

Few forerunning shocks of Mw 2 5 occur along the shallowest part of plate
boundaries that extends from the surface of the crust at the trench to depths of
about 15 km. Few earthquakes nucleate there. It occasionally ruptures alone in
large earthquakes and sometimes along with great shocks at deeper depths, as in
the 2011 Tohoku-oki, Japanese event. Analyses of their frequency contents indi-

cate that earthquakes in that very shallow zone rupture more slowly and more
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Figure 1. Sketch of distributions and sizes of asperities along down-
going plate boundaries at subduction zones. SSE’s denote slow slip
earthquakes. The sizes of asperities and their distances with respect to
one another differ among segments of subduction zones. The region
between the two largest asperities is a low-coupling zone (LCZ).

uniformly than great shocks at deeper depths [15]. Rupture of that very shallow
zone often generates large sea waves (tsunami). The shallowest part of the plate
boundary, which is farther from observation stations on land, is poorly unders-
tood compared to that at greater depths.

Earth materials along much of the shallowest part of the plate boundary are
interpreted to be in the velocity-strengthening regime of rock mechanics [16]. In
well-coupled subduction zones, rocks in the deeper regime where great asperities
and great earthquakes are found, are taken to be in the velocity-weakening re-
gime. Earth materials at all depths in poorly coupled subduction zones like the
Marianas, Java and Tonga, where few large thrust earthquakes have occurred,
are interpreted to be almost all in a velocity-strengthening regime.

Slow slip events of various durations are reported to have occurred in the
transition zone deeper than the rupture zone of great asperities (Figure 1). The
plate boundary at depths greater than about 40 to 70 km at various subduction
zones moves without earthquakes. Many shocks at those depths occur instead
within the downgoing plate.

3.2. Differing Patterns of Forerunning Activity

I first show several different examples of forerunning activity to great and giant
earthquakes before discussing the rest of the shocks of Mw > 7.7 from 1993 to
August 2020 at subduction zones.

3.2.1. Tokachi-OKi, Japan, 2003

Figure 2 illustrates forerunning activity from 1976 until the great Tokachi-oki
earthquake of 2003, which occurred offshore of the northern Japanese island of
Hokkaido. Its mechanism involved thrust faulting along the downgoing plate
boundary. Lay and Rhode conclude [19] that little slip occurred along the shal-
lowest part of the plate boundary to the southeast. The GCMT hypocenter of the
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mainshock, a measure of its centroid location, is shown as a large blue circle. It
is situated within the areas of large horizontal slip in 2003 (solid black and
dashed lines) as determined from tide gauge data and seismic-wave modeling
[17] [18].

Forerunning activity of Mw 2 5.0 occurred almost exclusively outside either of
the two areas of computed maximum slip. Those forerunners were distributed
along the peripheries of three sides of the areas of high slip in the coming main-
shock. Almost all aftershocks of Mw > 5.0 (Figure 3) also occurred outside of
those area of high slip. More aftershocks than forerunning activity took place
closer to the trench.

The area ruptured in 2003 was broken previously in 1952 during a somewhat
larger event whose areas of maximum slip extended farther southeast toward the
deepest part of the trench [18]. Nearly the same great asperity broke in 1952 as
in 2003 [17]. Hence, those two great events cover a complete seismic cycle of
stress buildup and release for which the distribution of high slip has been com-
puted for each mainshock. The zone ruptured previously in 1853 [18].

In summary, the 2003 shock, like other subduction-zone events described
later, was characterized by a central large region that was nearly devoid of fore-
running events in the preceding decades as well as devoid of aftershock activity.
Forerunning activity occurred on the sides of what is interpreted as a great as-
perity that ruptured in 1952 and 2003.

43
4 | Tokachi-Oki
1977-Main 2003

@THRUST Mw 8.3 2003
® Thrust 6.0<M<6.5
OThrust 5.5<Mw<6.0

X Thrust 5.0<Mw<5.5
OReverse Fault M>5.0
O Normal Fault Mw>5.0
+ Strike Slip Mw>5.0

42.5{

Latitude, N
B
[ ]

41.5

41-+ : ! — ' S
142 142.5 143 143.5 144 144.5 145 145.5
Longitude, E

Figure 2. Locations and mechanisms of earthquakes of Mw > 5.0 from 1976 through the Tokachi-oki mainshock (large blue
circle) off the Japanese island of Hokkaido in 2003 of Mw 8.3. Heavy solid and dashed lines enclose regions of computed slip
greater than 2 and 1 m in the mainshock from [17] [18]. Mechanisms with reverse faulting involve dips of two nodal planes
greater than about 40°.
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Figure 3. Locations of aftershocks of Mw > 5.0 of the Tokachi-oki mainshock of 2003 (large blue circle) through 2005. Colors
denote sizes and mechanisms of earthquakes. Displacements same as in Figure 2.

3.2.2.Iquique, North Chilean Earthquake of 2014, Mw 8.1

Figure 4 shows forerunning activity of shocks Mw > 5.0 until the mainshock as
well as the adjacent Mw 7.7 Tocopilla event two days later. Regions of high slip
associated with the 2014 mainshock were determined from local and distant
seismic data, GPS networks, other geodetic data and offshore tsunami gauges—one
of the best earthquakes with multiple, different sets of forerunning data.

The centroid location (blue square) of the mainshock lies within the com-
puted zone of highest slip, 3 m, (solid black ellipse). Nearly all-forerunning ac-
tivity of Mw = 5.0 was located west and up dip of the two GCMT locations,
within the slip contours of 0.5 and 3 m but not as far as the deepest part of the
trench. The mainshock generated only a relatively small tsunami [20], which is
consistent with small slip close to the trench. Aftershocks (not shown) were in
nearly the same areas as the forerunning events [21].

Smaller earthquakes located using data recorded by a local network occurred
to the east and downdip of the centroid shown in Figure 4 [22]. Many small
events occurred in the two weeks before the mainshock updip of what [22] call
the main asperity. Some of those shocks occurred within the upper plate, some-
thing that could not be ascertained solely from the data in Figure 4. The two sets
of small earthquakes form what has been called a Mogi donut [23], ie., seismic
activity surrounding the quiet coming rupture zone of the mainshock. Thus, the
“donut” consisted of a hole in seismicity surrounded by many forerunning earth-

quakes.
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Figure 4. Locations of earthquakes of Mw > 5.0 from 1976 through the Iquique, northern Chilean mainshock of 2014
of Mw 8.1 (large blue square). Green circle denotes Tocopilla earthquake of Mw 7.7 two days after the mainshock.
Colors indicate sizes and mechanisms of forerunning and aftershock activity. Heavy solid and dashed lines enclose re-
gion of slip greater than 3 and 0.5 m in the 2014 mainshock [22]. Only one forerunning shock (Mw 5.5) occurred to
the south of the figure as far as 22.39°S.

The distribution of data from small events confirms the use in this paper of
moderate-to-large forerunning earthquakes in mapping great asperities decades
to years ahead of their breaking in great shocks.

A group of coastal GPS stations accelerated toward the trench in the eight
months prior to the 2014 earthquake [24]. Small repeating earthquakes likely in-
dicated that aseismic slip took place along the plate boundary during the fore-
shock sequence [25]. A slow slip event using GPS observations was detected pre-
ceded the 2014 earthquake [26]. Significant changes in the rates of microseis-
micity extending back as far as July 2013 are interpret as large-scale unlocking of
the plate interface [27].

The Iquique and Tocopilla earthquakes of 2014 were unusual in that neither
rupture zone was the site of a very large shock since the giant earthquake of 1877
[5]. Thus, the 2014 rupture areas had been long-standing seismic gaps. The two
largest events of 2014 were situated more than 200 km along strike from the
great southern Peruvian earthquake of 2001 (described later) and well north of a
1977 shock of Mw 7.7 [21]. Hence, forerunning activity in Figure 4 is unlikely to
have been affected by nearby great shocks along the plate boundary to either the
northwest or the south. The plate boundaries adjacent to the two 2014 events
remain seismic gaps that could be sites of future earthquakes of about Mw 7.8 to
8.3.
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Cumulative seismic moment for shocks of M > 5.5 (Figure 5) for the area of
Figure 4 from 1976 until the mainshocks of 2014 indicates a nearly exponential
increase starting about 2007, seven years before the mainshock. Following the
great 2001 Peruvian shock farther to the northwest, the rate of events of magni-
tude > 4.5 increased in the vicinity of the 2014 sequence [28]. The b-values, a
measure of the number of large to small events, were anomalously low for 5.5
years in the coming rupture zone of the 2014 earthquake [29]. Values of b were
normal (larger) outside that zone. Low b values suggest that the coming rupture
zone in Chile was the site of high stress ([16], p. 186).

In summary, forerunning activity in Figure 4 was limited to the length along
strike of the plate boundary that subsequently broke in 2014 during the two
shocks of Mw 8.1 and 7.7. That observation as well as data from the local seismic
network might have been used to make a long-term estimate of the length of the
plate boundary along strike that would later rupture in those two earthquakes.
Little forerunning activity occurred within the central zone where slip exceeded 3
m. Precursory forerunning changes in b-value, the formation of a Mogi donut,
precursory slow slip events and accelerating seismic moment release occurred
prior to the 2014 mainshock. This is one of the best indications of a variety of
changes prior to a great earthquake. Together, they might have been the basis for
issuing either a hazard watch or a prediction for time scales of about 5 to 10 years.
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Figure 5. Cumulative seismic moment from 1976 until the Iquique,
Chilean earthquake of 2014. Black line is best-fitting exponential
increase with time.
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3.2.3. Maule, Chile Earthquake of 2010, Mw 8.8

GPS observations were made during the decade that preceded the giant 2010
Maule earthquake, during the mainshock itself and afterwards—the first for any
giant shock. The two regions of slip larger than 8 m (solid curve, Figure 6) in the
mainshock as deduced from geodetic and seismic observations are located to the
north and south of the seismic moment centroid (red diamond) and the epicen-
ter of initial fault rupture in the same area. None of the forerunning activity of
M > 5.0 in Figure 6 occurred in either of those two zones of slip greater than 8
m. Forerunning activity was located well to the north and south of the centroid
and outside of the two areas that slipped more than 8 m.

Two forerunning events also occurred east of the centroid of the mainshock.
Nearly all the aftershocks of the 2010 event also occurred outside of the two in-
ferred regions where slip exceeded 8 m [30]. A similar distribution of earth-
quakes took place before the 2010 mainshock [31]. Those authors calculated
somewhat different amounts of slip in the mainshock than that by [32] that is

shown in Figure 6. Nonetheless, the three sets of authors show maxima in slip
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Figure 6. Locations of earthquakes of Mw > 5.0 from 1976 through the giant
Maule, Chilean mainshock of 2010 of Mw 8.8 (large red diamond). Other red
symbols denote thrust activity prior to the mainshock; green circles, aftershocks.
Likely aftershocks of the Mw 7.9 Valparaiso earthquake of 1985 (open red trian-
gle), north of 34.6°S prior to 1996 are not included. Heavy solid and dashed lines
enclose regions of computed slip greater than 8 and 2 m from [32].
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both to the north and south of the 2010 centroid. It ruptured bilaterally to the
south and then to the north [32]. Substantial slip occurred westward to the
trench as determined from tsunami observations [31]. The rupture zone of the
2010 mainshock was locked beforehand, i.e., well coupled [33].

The aftershock zones of the Mw 7.9 1985 Valparaiso and 2010 Maule over-
lapped about 160 km at the northern end of the 2010 rupture zone (Figure 7).
Computed slip in the 2010 mainshock was relatively small there. Slip at the
southern end of the 2010 zone between 37° and 38°S was small, the same area
that broke in the foreshock of about Mw 8.1 the day before the giant Chilean
shock of May 22, 1960 [34]. The rupture zone of the giant 1960 Chilean shock
itself broke from 38° to 46°S, mostly to the south of Figure 6.

Aftershock zones, and by inference the main rupture zones, of several adjacent
great and giant earthquakes touched one another without significant over or
underlap according to [2] and [4]. Better mapping of the 1985 and 2010 zones
shows, however, significant overlap of their aftershocks. That overlap occurred
in the region where computed slip in 2010 was relatively small. Many of the
great and giant mainshocks reported later in this paper also exhibit relatively
small slip at their ends along strike where their aftershock zones overlap. It is
understandable that displacements in large shocks do not decease instanta-
neously to zero at the ends of their rupture zones since doing so would result in

a stress singularity.
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Figure 7. Overlap of aftershocks of the 1985 Valparaiso and 2010 Maule earthquakes.
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The 1985 shock broke part of the seismic gap remaining from the great 1906
Chilean earthquake of about Mw 8.2 to 8.5. The 1906 rupture length from 32° to
35°S was well determined from observations of coastal uplift [7]. Its northern
part broke again from north to south in 1971 (Mw 7.8) and 1985 (Mw 7.9). Ni-
shenko [7] stated, “The southern segment of the 1906 zone (from 33.5° to 35°S)
has been quiet for large shocks since 1916, and may be the next segment to rup-
ture.” The 2010 Maule shock did rupture that remaining part of the 1906 rupture
zone as well as the gap to the south that last broke in the great earthquake of
1835 [7]. It is not surprising that two great asperities, not one, ruptured in 2010
since the whole zone broke in separate great shocks in 1906 and 1835. The
northern extent of rupture in 1835 is poorly known, however [7].

An earthquake in 1928 near 35°S of revised magnitude Mw 7.7 [11] probably
was not nearly as large as the 1835 and 1906 earthquakes. The 1928 felt area was
aligned east-west and may not have been a thrust event along the plate boundary
[7]. An earthquake of revised magnitude 7.6 in 1939 occurred farther east within
the upper plate with a strike-slip mechanism. Since it did not break the plate
boundary, it did not rupture the seismic gaps remaining from the 1835 and 1906
earthquakes. A poorly located event in 1914 of revised Mw 7.4 occurred in the
same region. In any case, however, the plate boundary between 34.5° and 38°S
was a seismic gap for many decades before 2010.

Many GPS observations were used to compute plate coupling along the Chi-
lean subduction zone between 18° and 38°S [33]. They find that the region is
subdivided into seven well-coupled (locked) segments interspersed with at least
six low-coupling zones (LCZs). For the three most recent earthquakes of Mw great-
er than 8—Maule, Iquique and Illapel—Métois et al [33] report that co-seismic as-
perities correlate well with highly coupled segments while LCZs to their north and
south behaved as barriers that stopped rupture. They argue that the first-order
mechanical interpretation of plate coupling in the rate-and-state formalism im-
plies that the LCZs largely creep while the coupled segments remain locked dur-
ing inter-seismic loading.

Métois et al [33] call the region to the south between 37° and 38° the Araco
LCZ. It was the site of earthquakes smaller than the giant shocks of 1960 and
2010 including foreshocks the day before the giant earthquake of 1960 [34].
Many authors unfortunately plot a single rupture zone for the earthquake of
May 1960. The region between 37° and 38.4°S has behaved differently from the
zones of giant shocks to its north and south. The Araco LCZ is discussed more
later in conjunction with slip in the giant 1960 event.

Olsen et al. [35] conclude that much of the south-central Chilean margin from
32° to 46°S contains unusually strong, well-drained sediments. Their study in-
cluded the rupture zones of the 2010 and 1960 giant earthquakes. They found an
exception where the Mocha fracture zone is being subducted between 37° and
38°S, i.e, at the Araco LCZ. They infer that it experiences localized overpressure,
delaying compaction of incoming sediments and weakening the plate interface.

High Poisson’s ratios and inferred very high fluid pressures in the region were
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inferred by [30]. These factors are associated with poor coupling along the plate
interface and an abundance of forerunning activity to the 2010 mainshock, as
well as to the 1960 mainshock (described later).

Figure 8 shows that cumulative seismic moment increased from 1995 until
the 2010 Maule mainshock in the region between the 1985 and 2010 rupture
zones shown in Figure 7. Accelerating cumulative moment in the southern part
of the 2010 zone is dominated by a single large shock. Whether either accelera-
tion of seismic moment was, in fact, casually related to the coming 2010 earth-
quake is debateable. Deducing a strong connection will require knowledge from
future great events.

In summary, most of the plate boundary along the 2010 rupture zone is well
coupled and is inferred to consist of two great asperities. Two regions of high
slip were mapped, which extend westward as far as the outcrop of the plate boun-
dary at the trench. Little forerunning or aftershock activity occurred in those
zones of highest slip. Most forerunning activity occurred near the northern and
southern boundaries of slip in 2010 in what has been called low-coupling zones
(LCZ). They are inferred to consist of smaller asperities. The northern LCZ was
the site of an increase in seismic moment release in the several years before the
2010 shock.
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Figure 8. Cumulative seismic moment release from 1995 until the 2010
Maule earthquake in the region between 32° and 35°S. Solid line is best-fitting
polynomial of low degree. Note increase in moment release starting about
2008.
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3.2.4. Tohoku-OKi, Japanese Earthquake of 2011, Mw 9.1

More than 18,000 lives were lost in the giant Japanese earthquake and tsunami of
2011. The World Bank estimated the economic costs as $ 235 billion, the costli-
est natural disaster in world history. More than 127,000 buildings totally col-
lapsed and an additional one million were partially damaged. Additional long-
er-term financial losses have yet to be tallied from radioactive leakage, evacua-
tion of hundreds of thousands of people, and ongoing attempts at cleanup from
major explosions and meltdowns at four of the nuclear reactors at nearby Fuku-
shima Daiichi.

Earthquakes of M 2 5.5 in the decade before the giant 2011 shock occurred
either between the 4 and 24 m slip contours in Figure 9, on the periphery of the
24 m contour or outside them to the southwest near the shock of magnitude 7.9.
It occurred about 30 minutes after the mainshock. All but one of the forerunning
thrust earthquakes within the 24 m contour occurred along its periphery. As in
several other subduction zones, none extended as far east as the deepest part of
the trench.

The 2011 source area was unusual since between 1978 and two days before the
mainshock several events of Mw greater than 7.0 took place (Figure 10). One of

them, known as a Miyagi-oki earthquake, occurred within the 24 m contour and
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Figure 9. Locations of earthquakes of Mw > 5.5 from 2002 through the Tohoku-oki, Japanese main-
shock of 2011 of Mw 9.1 (large blue circle) and the immediate aftershock (red triangle) of Mw 7.9.
Colors denote sizes and mechanisms of forerunning activity. Heavy solid and dashed lines enclose
regions of slip greater than 24 and 4 m from [36].
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Figure 10. Locations of earthquakes of Mw > 6.5 from 1976 through Tohoku-oki, mainshock of 2011.
Large blue diamond is its long-period centroid location; blue triangle denotes its short-period epicenter.
Red colors indicate sizes and thrust mechanisms of forerunning activity prior to the mainshock. Heavy sol-
id and dashed lines same as in Figure 9.

four outside it but within the 4 m contour. The region ruptured previously in
additional Miyagi-oki events of M = 7.0 in 1915, 1933, 1936 and 1939. Most of
the M > 7 Miyagi-oki shocks broke separate asperities [17].

The locations of the five largest forerunning earthquakes since 1976 in Figure
10 surround the short-period hypocenter, the point of initial rupture in the 2011
mainshock (blue triangle). Rupture in 2011 expanded well beyond those five.
The large magnitudes and numbers of those forerunning earthquakes are unique
among the events studied in this paper. The dimensions of the main asperity
broken in the largest, Mw 7.6 in 1978, was about 45 by 25 km [17]. The asperities
of those five events were large enough for stresses to have interacted significantly
with one another.

Ikuta et al [37] conclude, ... “the plate boundary was accumulating the full
slip deficit (Ze, it was totally locked) during at least the last 15 years [before
2011] in a very limited area with a diameter of a few 10s of kilometers, which
overlaps with the maximum co-seismic slip area.” They suggest this relatively
small area, or asperity, was the last locked section of the plate boundary to fail in
2011. They show that M 7 class Miyagi-oki earthquakes of the previous 80 years
only released part of the slip deficit that was being accumulated. They conclude
that those M 7 rupture zones moved again in the mainshock. Apparently, the
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giant earthquake could not occur until several of the relatively large asperities
associated with Mw > 7 events ruptured and increased stresses on the last-to-break
asperity [37].

The large foreshock of March 9 was followed two days later by additional
moderate-size earthquakes whose locations approached the short-period epi-
center of the coming giant shock (blue triangle in Figure 10). Many geophysic-
ists now regard that forerunning sequence as a precursor to the giant earth-
quake. Nevertheless, until the mainshock occurred, those events do not seem to
have been identified as precursors.

The 2011 mainshock was recorded by an exceptionally great number of seis-
mograph stations and geodetic observation points both on and offshore. This
permitted slip to be well calculated as far to the southeast as the deepest part of
the Japan Trench. The average fault displacement over the entire area of rupture
in 2011 was about 10 m. Horizontal slip close to the trench was an extraordinary
50 to 80 m. Loveless and Meade [38] used GPS data to calculate the percentage
of locking (coupling) along the main plate boundaries of Japan. They found
strong coupling in the zone that broke in 2011.

Forerunning thrust activity of Mw > 5.5 in Figure 10, however, did not extend
to the deepest part of the trench. Very few shocks as small as Mw 5.0 (not
shown) occurred nearer the trench than the centroid location. The rocks closest to
the deepest part of the trench are inferred to be mostly in the velocity-strengthening
slip regime. Displacements close to the trench in many other subduction zones
have been poorly mapped. Some geophysicists concluded previously that those
zones either creeped continuously with time or moved episodically in slow-slip
events. Instead, that region ruptured more than 24 m in 2011 (Figure 9 and
Figure 10).

Ikuta et al state [37], “... suggest deeper fault sections played an important
role in the accumulation of a large slip deficit near the trench, which is where the
large co-seismic slip was reported in studies using seismic waves.” They claim
the M7-class asperities prevented large slip from occurring closer to the trench
until the mainshock. In that sense, the latter region appears to be very unusual
among subduction zones.

Several authors [39] [40] [41] [42] reported slow slip in the years to about a
decade before the mainshock. Two of them placed it at depth along the plate
boundary to the west of the centroid. The time interval between small repeating
earthquakes decreased with time, another indication that slow slip was increas-
ing downdip before 2011 [43].

Nanjo et al. [44] showed that b-values decreased from a normal value of about
1.1 in the 5 to 20 years before the giant 2011 earthquake. They found it then de-
creased further in the five years before 2011 to a very low value of 0.45 within the
coming rupture zone. Such low b-values are often taken as an indicator of rela-
tively high stress [16]. These are among several examples of intermediate-term

(1 to 10 years) and long-term (10 to 30 years) precursors.
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Figure 11 shows cumulative seismic moment released between 1976 and the
2011 mainshock. If moment release had been occurring uniformly with time, the
cumulative release would form a straight line of positive slope. Instead, it in-
creased more rapidly starting between 2003 and 2005. It also increased at the
time of the Mw 7.6 shock in 1978 but then decreased until 2003.

As stated earlier for Chile, the Japan subduction zone is divided into segments
like the 2011 rupture zone that are characterized by strong coupling. Nishikawa
et al. [45] and references therein] report that the regions to the north of 39°N
and south of 37°N were the sites of numerous slow events on a variety of time
scales. The region in between them was the main slip zone of the 2011 earth-
quake.

In summary, the 2011 mainshock was unusual in that it was preceded by ab-
undant activity of magnitude 7 and greater, which did not extend as far toward
the trench as the centroid of the mainshock. A great asperity that finally broke in
the mainshock is inferred to have extended from the three large easternmost
Miyagi-oki earthquakes to the outcrop of the plate boundary at the trench. Cu-
mulative seismic moment accelerated between about 2004 and 2011. Others re-
ported various precursory activity from several years to one or two decades be-

fore the mainshock.
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Figure 11. Cumulative seismic moment release before the 2011 Japa-
nese earthquake for the area shown in Figure 9. Solid line is best-fitting
polynomial of low degree.
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3.2.5. Central Kuril Islands Earthquake of 2006, Mw 8.3

The great Kuril Islands thrust earthquake of 2006 filled part of a major seismic
gap between the 1952 Kamchatka shock of Mw 8.9 to the northeast and the 1963
Kuril earthquake of Mw 8.5 to the southwest. A smaller event of Mw 7.8 in 1915
likely broke part of the 2006 zone. Another shock of Mw 7.5 in 1918 probably
ruptured to its southwest [2] [5]. A major seismic gap still exists between the
rupture zones of the 2006 and 1952 earthquakes.

The depth of the moment tensor solution for the 2006 rupture was computed
to be only 14 km, an indication it occurred along the shallow part of the plate
boundary. A similar conclusion was reached by [46] from their analysis of the
codas of P waves. The 2006 event produced a tsunami of only moderate size [46].
The 2006 shock was followed two months later by a great normal-faulting event
of Mw 8.1 just to its east within the down-bent Pacific plate. The 2006 earth-
quake triggered normal-faulting events before the great 2007 normal-faulting
shock.

Maximum slip [47] was centered in the middle of that deduced by [46] in
Figure 12. I do not think the result in [47] is as accurate since it was based on
GPS observations to the southwest, (many in Hokkaido and one site in a southern
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Figure 12. Locations of earthquakes of Mw > 5.0 in the decade preceding the Kuril Islands mainshock of 2006. Large blue circle
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tivity. Heavy solid and dashed lines enclose regions of computed slip greater than 7 and 1 m during the mainshock after [46].
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Kuril Island). Steblov ef al [48] inferred that slip was concentrated at its south-
western end. They, however, used data from a few widely spaced new GPS sta-
tions in the Kuril Islands. I regard the maximum slip distributions computed by
[46] as the most reliable and show them in Figure 12.

Forerunning activity (Figure 12) occurred southwest of the 7 m slip area but
inside the one meter contour. Many of those events occurred as foreshocks in
the few months before the 2006 main event. The southern half of the zone of 7 m
slip in 2006 included few forerunning thrust shocks between 1996 and the
mainshock. Many forerunning thrust events of 5 < Mw < 6 occurred in the nor-
theastern half of the zone of 7 m slip along with four earthquakes with re-
verse-faulting mechanisms.

Rupture in 2006 propagated mainly to the northeast within the zone of high
slip in Figure 12. Ref. [46] also states, “large secondary bursts are associated
with two northeastern patches of enhanced slip.” Fujii and Satake [49] deduced
that the largest tsunami source occurred at its northeastern end. The Bulletin of
the International Seismological Centre computed a short-period hypocenter at
46.68°N, 153.21°E and a shallow depth of 12 km, which places it near the south-
ern part of the zone of high slip but to its west. One possible explanation for fo-
rerunning activity in the northeastern half of the zone of maximum slip is that
the southwestern half ruptured first and triggered somewhat slower slip and a
tsunami in the northeastern half. If so, they appear to define two large asperities
that broke in 2006.

In summary, forerunning thrust earthquakes occurred in the northeastern half
of the zone of computed highest slip but not in its southwestern half. The south-
western half may be interpreted as a great asperity with slip initiating nearby. Es-
timates of magnitude and rupture length of the coming 2006 mainshock based
solely on forerunning shocks of Mw > 5.0 would have been too small. The main-
shock occurred in a long-standing seismic gap. Cumulative seismic moment re-
lease from 1976 until the mainshock was nearly constant except where it in-

creased abruptly during the one-year period of precursory activity.

3.2.6. Poorly Coupled Plate Boundary off Java, Indonesia

Plate boundaries that are usually regarded as poorly coupled off Java, the Lesser
Sunda Islands of Indonesia, the Marianas, Tonga and the Kermadec islands were
examined to see if any of their few great earthquakes were preceded by signifi-
cant forerunning activity. The answer was no. The data for Java are presented
here; the other areas are described in the Supplement.

The plate boundary south of Java is very different from that to its west off
Sumatra in that many known earthquakes of magnitude 8 and greater have oc-
curred south of Sumatra but none off Java and the Lesser Sunda islands to its
east. Only one known event greater than Mw 7.0 (it of 7.3) took place off Java
between 1916 and 1977. Only a single moderate-size earthquake occurred from
1976 until 1994 within 150 km of the 1994 mainshock in Figure 13. Very low
activity took place between 1994 and the 2006 mainshock.
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Figure 13. Locations of earthquakes near Java, Indonesia of Mw > 5.5 from 1976 through February 2019.
Colors denote sizes and mechanisms of earthquakes. Heavy black lines enclose regions of computed slip
greater than 1 m in mainshocks of 1994 after [50] [51] [52].

The thrust events of 1994 and 2006 of Mw 7.8 and 7.7 occurred very close to
the Java trench. Their computed slip was small. Each was followed by after-
shocks involving normal faulting, not thrust events. Their zones of maximum
(one meter) slip were not sites of forerunning thrust earthquakes from 1977
through early 2019 but few other places in Figure 13 were.

Abercrombie ef al [50] report that the 1994 earthquake occurred near a sea-
mount that is currently in the initial stage of being subducted. They interpret the
1994 event as occurring at a locked asperity in an otherwise largely decoupled
subduction zone. They show that aftershocks surround the seamount, an indica-
tion that it was, in fact, a major asperity. The 2006 mainshock appears to be very
similar to that of 1994. Each generated a large tsunami. A seamount along an
otherwise decoupled plate boundary is well coupled [53].

In summary, nearly the entire plate boundary south of Java is poorly coupled.
Forerunning thrust events prior to the 1994 and 2006 were nearly non-existent.
Hence, asperities of future large events like them are unlikely to be identified
ahead of time by long-term forerunning activity of moderate magnitude. Work
is needed to identify them ahead of time using other techniques since their oc-

currence can generate damaging tsunamis.

3.3. Other Great Earthquakes—Central and South America

3.3.1. Costa Rican Earthquake of 2012
The Costa Rican mainshock of Mw 7.6 was smaller than the other events stu-
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died. Nevertheless, patterns of forerunning earthquakes and high slip [54] [55]
are like those for the Iquique, Chilean shock in Figure 4. Most forerunning ac-
tivity in Figure 14 occurred outside and updip of the slip zones of 0.5 and 2 m
but not as far as the deepest part of the trench. Other forerunners took place
along strike to the northwest and southeast. Larger aftershocks in 2014 (not
shown) also occurred mainly updip of those high slip zones [55] [56].

The Costa Rican thrust earthquake of 2012 is nearly unique in that major slip
(Figure 14) occurred beneath land, i.e., the Nicoya Peninsula, a thick ophiolitic
accumulation of oceanic crust that was previously emplaced along that coast of
Costa Rica. The Peninsula is only 60 km from the deepest part of the Central Amer-
ican trench. Thus, the two regions of high slip in Figure 14 were well-determined
using GPS data from stations on land. Since large slip in 2012 did not extend as far
as the trench, it is understandable that a significant tsunami was not generated
[56]. The plate boundary beneath the central part of the Nicoya Peninsula was
largely locked, ie., tightly coupled as determined from GPS data, which com-
menced in 2000 [55] [56].

The 2012 zone ruptured previously in large earthquakes in 1950 (Mw 7.75,
1992 [11]) and 1853 [56]. The 2012 rupture zone had been identified as a major
seismic gap for many years.
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Figure 14. Moment tensor locations of earthquakes of Mw > 5.0 from 1987 through Costa Rican main-
shock of 2012 of Mw 7.6 (large blue circle). Colors depict sizes and mechanisms of forerunning activity
prior to mainshock. Heavy solid and dashed lines enclose regions of slip greater than 2 and 0.5 m in main-
shock from [55].
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Seismic tremor and low-frequency earthquakes were observed at depths below
the M discontinuity of the upper plate and most tremor occurred in adjacent
areas of the megathrust that experienced little seismic slip in the 2012 mainshock
[54].

In summary, forerunning thrust earthquakes nearly surround the rupture
zone of the 2012 mainshock. The interior quiet zone is identified as a great as-
perity that broke in 2012. The zone was identified ahead of time as a major seis-

mic gap.

3.3.2. Pedenales, Ecuadorian Earthquake of 2016, Mw 7.8
Forerunning activity of Mw 2 5.0 to the 2016 Ecuadorian mainshock occurred
outside the zones of computed slip of 1 and 3 m (Figure 15). The main centroid
was situated inside one of the two zones of 3 m slip, like the patterns for many
mainshocks in this paper. Most forerunning events occurred on the northeastern
and southwestern sides of the regions of maximum slip and mainly in two bands
extending from the coast outward to the trench.

That zone is identified as a great asperity.

The 2016 rupture zone broke previously in the Ecuador-Colombia earthquake
of 1906 of about Mw 8.5. The 1906 zone subsequently ruptured from south to
north in the sequence 1942, 1958 and 1979 (Mw 7.7, 7.3 and 8.2 [11]). The 1958
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Figure 15. Locations of earthquakes of Mw 2 5.0 from 1976 through Ecuadorian mainshock of 2016 of Mw 7.8 (large
blue diamond). Colors denote sizes and mechanisms of forerunning activity prior to mainshock; aftershocks indicated in
green. Heavy solid and dashed lines indicate computed regions of slip larger than 3 and 1 m in mainshock from [57].
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and 1979 shocks were located along strike to the northeast of the 2016 rupture
area. The 1942 epicenter fell within the 2016 zone of high slip in Figure 15.

Mothes et al. [58] conclude that the 2016 shock broke two main asperities on
either side of the 1942 rupture area. I do not think the 1942 earthquake is well
enough located to claim it ruptured a separate, relatively small asperity. Its Mw
is like that of 2016, indicating its rupture zone and that of 2016 probably were of
similar size. The region to the northeast last broke in 1979. It is a likely place for
a future great shock. The 2016 rupture zone was a seismic gap for many decades.

The 1958 and 1979 zones were well coupled out to the deepest part of the
trench but the 1942 and 2016 segments were well coupled only about halfway to
the trench [58]. The segments of the plate boundary south of the 2016 rupture,
where the Carnegie Ridge is being subducted, are poorly coupled except between
about 1.2° and 1.4°S where significant relief occurs on the plate interface [59].
The latter region had significant seismic activity prior to the 2016 earthquake, as
did the zone just to its north.

In summary, the 2016 Ecuadorian earthquake ruptured a quiet zone that was
surrounded by forerunning and aftershock activity. That region is regarded to be

a great asperity.

3.3.3. Central Peru, 2007
Most forerunning activity to the Mw 8.0 earthquake of 2007 offshore of Pisco in
central Peru was situated either on the periphery of the slip contour of 2 m or to
its southeast. Aftershocks also occurred either to its southeast or within its
northwestern part. A zone about 75 km along strike was the site of no thrust fo-
rerunning or aftershock activity (Figure 16).

In summary, most of the thrust foreshocks were located outside the zone of
slip larger than 2 m. A zone about 75 km along strike can be regarded as a great

asperity that broke in the mainshock.

3.3.4. Peru 1996, Mw 7.7

This was one of the smallest events studied, Mw 7.7. Forerunning and aftershock

activity in Figure 17 were located entirely outside, but adjacent to, the computed

1 m slip contour. Most of that activity occurred updip and closer to the trench

than the centroid of the mainshock. The main event generated a large tsunami.
In summary, the few forerunning events and aftershocks surround a quiet

zone that can be identified as a large asperity.

3.3.5. Earthquake off Arequipa, Peru of 2001, Mw 8.4

The Peruvian shock of 2001 was one of the largest earthquakes studied. It broke a

significant part of the seismic gap remaining from the giant shock of 1868 but well

short of the rupture zone of the 2014 Iquique event to the southeast (Figure 4).
Rupture started at the short-period hypocenter (blue-green square in Figure

18) at the far northern side of the 1 m slip contour and progressed southeasterly

where slip greater than 4 m took place in a second sub-event (Bulletin Interna-

tional Seismological Centre). Two forerunning shocks occurred within the north-
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ern 1 m sub-region zone and another on its northwestern-most side (Figure 18).
Other forerunners were scattered throughout the rest of the rupture zone as well
as in the area just to the southeast of the 1 m contour.

In summary, the patterns of forerunning activity to the Arequipa mainshock
are like those of the great Kuril earthquake of 2006 described earlier (Figure 12)
in that rupture started first in a sub-region with few forerunning events and
progressed along strike where a second sub-event was part of the mainshock.
The 2001 mainshock likely ruptured two great asperities. The 2001 region had
been a significant seismic gap since it last ruptured in a giant shock in 1868. The
remainder of the 1868 zone to the southeast remains a seismic gap.

3.3.6. Antofagasta Chile 1995. Mw 8.0

Most forerunning and aftershock activity associated with the Antofagasta earth-
quake of 1995 was located either on the periphery or outside the 1 m slip con-
tour in Figure 19. The centroid of the mainshock is located just inside the 4 m
slip contour. A shock of Mw 7.5 occurred eight years earlier on the periphery in-
side the 1 m contour. Chlieh et al. [61] conclude that slip occurred “fairly un-
iformly” during the mainshock and that all slip inversions give a consistent pic-
ture of the distribution of displacements during the earthquake with a single as-
perity slipping 5 to 10 m.
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Figure 16. Locations of earthquakes of Mw > 5.0 from 1976 through Pisco, Peru mainshock of 2007 of
Mw 8.0 (large blue circle). Colors denote sizes and mechanisms of forerunning activity prior to main-
shock; aftershocks through 2013, in green. Heavy solid and dashed lines indicate regions of slip larger
than 2 and 1 m in mainshock [60].
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Figure 17. Locations of earthquakes of Mw > 5.0 from 1976 through Peruvian mainshock of 1996 of Mw 7.7
(large blue circle). Colors denote sizes and mechanisms of forerunning activity prior to mainshock; after-
shocks through June 2001 shown in green. Dashed line indicates regions of slip larger than 1 m in mainshock

from [60].
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Figure 18. Locations of earthquakes of Mw 2 5.0 from 1976 through Arequipa, Peru mainshock of 2001 of
Mw 8.4 (large blue circle). Solid blue square at top denotes short-period epicenter, the point of initial rupture.
Colors indicate sizes and mechanisms of forerunning activity prior to mainshock. Aftershocks through De-
cember 2004 are colored green. Heavy solid and dashed lines indicate regions of slip larger than 4 and 1 m in
mainshock from [60]. NFZ denotes Nasca fracture zone.
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Figure 19. Locations of earthquakes of Mw > 5.0 from 1976 through Antofagasto, Chi-
lean mainshock of 1995 of Mw 8.0 (large blue circle). Solid blue square is short-period
epicenter from the Bulletin of the International Seismological Centre. Colors denote
sizes and mechanisms of forerunning activity prior to the mainshock. Aftershocks are
indicated in green. Heavy solid and dashed lines indicate regions of computed slip larg-
er than 4 and 1 m in mainshock from [62]. MP is Mejillones Peninsula.

Rupture started at the short-period location just to its north at the blue square
near the Mejillones Peninsula (MP). The area offshore of the peninsula, between
23° and 23.5°S in Figure 19, was identified [33] as a low-coupling zone (LCZ)
much like that at the southern end of the Maule rupture zone (Figure 6). While
the Mejillones LCZ was the site of little co-seismic slip in the mainshock, long-term
aseismic slip within it is not known [33]. No known large earthquakes, however,
have ruptured directly beneath the Peninsula [33].

In summary, forerunning activity to the 1995 mainshock as well as after-
shocks occurred on the periphery of the 1m slip contour. Two forerunners also
took place within the central 4 m slip contour.

3.3.7. Northern Chile 2007, Mw 7.7

The 2007 mainshock, was one of the smallest examined. Forerunning thrust ac-
tivity in Figure 20 was concentrated to the south of the centroid of the main-
shock and southwest of the two zones where slip was calculated as one meter or
greater. That activity was concentrated offshore beneath the Mejillones LCZ,
which was described in the previous section. The small cumulative seismic mo-
ment of forerunning thrust events (not shown) exhibits upward curvature but is

dominated by a single larger earthquake.
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Figure 20. Locations of earthquakes of Mw > 5.0 from 1976 through northern Chilean
mainshock of 2007 of Mw 7.7 (large blue circle). Colors denote sizes and mechanisms of
forerunning activity prior to mainshock. Heavy solid and dashed lines indicate two re-
gions of slip larger than 1 m in mainshock from [63]. MP denotes Mejillones Peninsula.

In summary, forerunning activity was concentrated south of the regions of
high slip beneath the Mejillones low-coupling zone. The rupture zone was quiet
ahead of time and may be defined as a major asperity. The GCMT location
farther west than the high slip contours indicates that slip likely extended farther

west closer to the deepest part of the trench.

3.3.8.Illapel Chilean Earthquake of 2015, Mw 8.3

Many forerunning shocks of M > 5.0 from 1976 until the 2015 mainshock were
located inside the 2 and 5 m slip contours of Figure 21. Slip was modeled using
a combination of seismic and offshore tide gauge data to better constrain dis-
placements near the trench [64]. Those authors concluded that slip between the
2 and 5 m maximum in Figure 21 extended out to nearly the outcrop of the
plate boundary at the trench. The region inside the 5 m contour between the
centroid and about 50 km to the north was the site of only one forerunning
shock and no aftershocks. It might be picked from forerunning activity as the
great asperity that broke in the mainshock.

The 2015 region previously broke in 1943, both in events of Mw 8.2 [11]. The
Illapel rupture zone and the Atacama seismic gap to the north are separated by
the Challenger fracture zone (not shown), which is being subducted at the
trench. The two ends of the 2015 rupture were identified as low-coupling zones
(33].
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Figure 21. Locations of earthquakes of Mw > 5.0 from 1976 through the great Illapel,
Chilean mainshock of 2015 of Mw 8.2 (large blue square). Red symbols denote fore-
running thrust activity prior to the mainshock; green circles indicate aftershocks of
Mw 2 5.5. Heavy solid and dashed lines show regions of slip greater than 5 and 2 m in
2015 as computed by [64].

The region to the north of the Illapel shock last ruptured in the giant Atacama
earthquake of about Mw 8.7 in 1922. Very little activity of even moderate size
has occurred in that seismic gap to the north of 30.5°S from the start of the
GCMT catalog in 1976 through 2019.

In summary, the distribution of forerunning activity to the 2015 earthquake
is not clear with respect to the two regions of high computed slip. It is possible to
pick a large region just to the north of the centroid of the mainshock that con-
tained only a single forerunning shock within the 5 m contour as a great asperi-

ty. No aftershocks occurred in that region.

3.3.9. Giant Chilean Earthquake of 1960
The Mw 9.6 shock in south-central Chile was the largest earthquake between the
start of instrumental seismology in the 1890s and August 2020. I use a combination
of different types of locations to examine it: centroids since 1976 and short-period
epicenters from 1920 to 1976.

Epicenters of forerunning activity of mb > 6.0 from 1920 to the 1960 main-
shock were all located outside of the three computed high-slip zones where dis-
placements exceeded 20 m (Figure 22). The epicenter of the mainshock, which

is not a centroid but a short-period location, marks the initial start of rupture.
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Rupture in the mainshock propagated to the south for nearly 900 km to the plate
triple junction where the South Chile rise intersects of Chilean subduction zone.
The 1960 sequence was initiated the day before the mainshock by an event of
about Mw 8.1 [34] within the Araco low-coupling zone (LCZ). The Araco LCZ
was the site of abundant forerunning activity as well as subsequent shocks be-
tween 1960 and 2020 (Figure 23 and Figure 24). Figure 24 shows abundant
forerunners to the Maule shock of 2010 in the Araco LCZ between 37° and
38.4°S.

The 1960 event triggered many normal-faulting earthquakes (Figure 23 and
Figure 24) just to the west of the plate boundary. Very little thrust activity oc-
curred between 1999 and 2020. The earthquake of Mw 7.6 in 2016 broke outside
the 1960 20 m slip contours but within the 5 m contour (Figure 23). While large,
it was much smaller than the giant 1960 shock.

A considerably smaller moment release from displacements along the coast in
the 1960 mainshock was calculated by Barrientos and Ward [65] than by Cifu-
entes and Silver [66] using teleseismic long-period data. The former speculated
that greater slip occurred closer to the trench and accounted for the difference.
The large number of normal-faulting events west of the plate boundary in Fig-
ure 23 and Figure 24 is in accord with that hypothesis. The 1960 event generat-
ed a huge tsunami.
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Figure 22. Locations from short-period body waves of earthquakes of
Ms 2 6.0 from 1920 through the giant Chilean mainshock of 1960. Red
symbols denote thrust activity prior to mainshock. Heavy solid and
dashed lines indicate regions of slip greater than 20 and 5 m in 1960 as
computed by [65].
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Figure 23. Centroid locations of earthquakes of Mw > 5.0 from 1999 to
mid-2020. Red symbols denote thrust activity. Heavy solid and dashed
lines indicate regions of high slip in 1960 as in Figure 22.
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Figure 24. Centroid locations of earthquakes in and near the 1960 rupture
zone from 1976 through the Maule mainshock of 2010.
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In summary, no forerunning thrust mechanisms of Ms > 6.0 occurred from
1920 until the May 1960 mainshock within the three zones where computed slip
exceeded 20 m. Those three zones are identified as huge asperities. Forerunning
activity was concentrated just to the north within the Aruco low-coupling region
where several large shocks commenced the day before the giant earthquake. Fo-
rerunning shocks to the Maule earthquake of 2010 to the north also were con-
centrated in the Aruco LCZ. Precursory activity to future great events should be
sought within the Aruco region and perhaps at the southern end of the 1960

rupture zones.

3.4. Forerunning Activity to Indonesian Earthquakes

3.4.1. Giant Sumatran Earthquake of 2004

The giant Sumatra-Nicobar-Andaman earthquake of 2004 ruptured from its south-
ern end off the coast of Sumatra near 3°N to its northern end near 14°N, one of
the longest ruptures known (Figure 25 and Figure 26). Computed slip was
greater than 10 m along several segments of the subduction zone, a common
feature for giant earthquakes. I use the slip contours of [67] since they incorpo-
rated local and distant seismic and geodetic information in their computed dis-

placements.
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Figure 25. Locations of earthquakes of Mw > 5.0 from 1976 until the 2004 giant shock of Mw 9.0 (large blue
circle) for the southern half of the rupture zone off northern Sumatra and the Nicobar Islands. Heavy and
dashed lines denote computed slip of 10 and 5 m from [67].
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Figure 26. Locations of earthquakes of Mw > 5.0 from 1976 until 2004 giant shock of Mw 9.0
for northern half of rupture zone off the Nicobar and the Andaman Islands. Slip contours
same as in previous figure.

Several forerunning earthquakes with thrust mechanisms occurred near the
southern end of the rupture zone in Figure 25. Many strike-slip mechanisms
occurred within the 10 m slip zones off Sumatra and the Nicobar Islands. A few
thrust events occurred farther north (Figure 26) near the Andaman Islands.
The 10 m slip zones off the Nicobar and Andaman Islands were the sites of only
a single forerunning thrust earthquake. Several thrust mechanisms, however,
can be seen in Figure 25 and Figure 26 with unusual dips to the southeast to
west.

In summary, several large forerunning thrust shocks of 6.0 < Mw < 7.2 oc-
curred near the southeastern end of the coming 2004 rupture zone. Otherwise,
forerunning thrust shocks were rare. Reverse and strike-slip mechanisms and
thrust solutions with unusual dips took place in and near the 10 m slip zone off
Sumatra prior to the giant earthquake. The 10 m slip zones off the Nicobar and
Andaman Islands were very quiet prior to the great shock. The entire 2004 rup-
ture zone had been a seismic gap for many decades before 2004. The 2004

mainshock likely broke at least two great asperities.
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3.4.2. Sumatran Earthquake off Nias and Simeulue Islands in 2005,
Mw 8.6

The giant Nias-Simeulue shock of 2005 occurred three months after the 2004
Sumatra-Andaman event. A number of forerunning thrust earthquakes of Mw >
6.9 occurred between them (Figure 27). The computed 6 m slip contour for the
Nias-Simeulue shock, the site of its centroid of the mainshock, was nearly devoid
of forerunning activity. Considerable forerunning thrust mechanisms can be
seen in Figure 27 to the southeast of the 2.4 m slip contour. Figure 28 shows an
abrupt termination of aftershocks of the 2004 giant shock about 150 km to the
northwest of the 2005 centroid.

In summary, the region that slipped six or more meters in 2005 was nearly
devoid of forerunning thrust activity. It can be regarded as a great asperity.
Many thrust shocks occurred to the northwest and southeast of both the 2.4 slip

Zones.

3.4.3. Northern Sumatran Earthquake 0f 2010, Mw 7.8
The northern Sumatran earthquake of 2010 ruptured a 100-km length of the
plate boundary between the giant shocks of 2004 and 2005 [69]. Using GPS data
[69], it broke between the two northwestern regions of 2.4 m slip in the 2005
earthquake (Figure 27), ie., a zone that remained unbroken in 2004 and 2005.
The mainshock consisted of two large events about 12 s apart. Most forerunning
thrust activity occurred seaward of the computed 1.75 m rupture contours. Its
centroid and many aftershocks were located similarly (Figure 29). None took
place within the 2.5 m contour.

In summary, all but one of the forerunning shocks to the north Sumatra
earthquake of 2006 took place outside of its two zones of major displacement. Its

slip contours define two major asperities that broke in 2010.

3.4.4. Southern Sumatran Shocks of Mw 7.9 and 8.5 in 2007

The earthquakes of Mw 8.5 and 7.9 ruptured offshore of central Sumatra 12
hours apart in 2007 (Figure 30). They were preceded by a strike-slip shock of
Mw 7.8 in 2000 (large black X, bottom right of Figure 30). Rupture started near
the southeastern end and propagated to the northwest in the first and larger
event. Feng et al [71] deduce that the second shock of Mw 7.9 broke two zones:
1) within the northern end of the 5 m contour surrounding the Mw 8.5 event
and 2) another near 2°S. The centroid of the Mw 7.8 earthquake being between
the two is consistent with their interpretation of two separate patches of 5 m dis-
placement.

The Mw 8.5 shock was nearly devoid of forerunning activity within either the
5 m slip contours and none within that of 15 m. Abundant thrust forerunning
activity occurred farther to the southeast along strike of the plate boundary. Two
forerunning thrust and several high-angle reverse earthquakes occurred within
the 5 m slip zone near 2°S. The source time function consisted of two pulses
[73]. The 2007 rupture zones broke previously in a giant mainshock in 1833. It

had been a major seismic gap for many decades prior to 2007.

DOI: 10.4236/ijg.2021.129046

880 International Journal of Geosciences


https://doi.org/10.4236/ijg.2021.129046

L. R. Sykes

Sumatra 1976
to 2005 main

(@2005 Mar 28 Mw 8.6
© 2004 Main Mw=9.0
@ Thrust Mw 7.2
[l Thrust 7-7.5 1976-Dec04
| B Thrust 1976-04 Mw 6.9
©6.0<Mw=6.5
¥ Thrust 6<Mw<6.5 1976-04
® Thrust 5.5<Mw<6.0
B Thrust 5.5<Mw<6 1976-Dec04
X Thrust 5.0<Mw<5.5
OThrust 5<Mw<5.5 1976-Dec04
A Shallow Dip SE to SW
DREVERSE FAULT
O Reverse 1976-Dec04
X Strike slip
+ Strike slip 1976-Dec04
- n O Normal Faulting
} , /| © Normal Faulting 1976-Dec04
935 94 945 95 955 96 965 97 975 98 985 99
Longitude, E

Latitude, N

-0.5

J |4 o

Figure 27. Locations of earthquakes of Mw > 5.0 from 1976 until Nias-Simeulue, Indonesian shock of March 2005 of Mw 8.6.
Solid and dashed lines indicate computed displacements of 6 and 2.4 m from [68].
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Figure 28. Locations of earthquakes of Mw > 5.0 from the 2004 giant Sumatran event
(large red circle) until the Nias-Simeulue Indonesian shock of March 2005 of Mw 8.6
(large blue circle).
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Figure 29. Locations of events of Mw > 5.0 between the Nias-Simeulue earthquake of 2005
(large blue square) and the Banyak shock of Mw 7.8 on April 6, 2010 (large blue circle).
Events after the 2010 shock are shown in green through 2014. Calculated displacements
larger than 2.5 and 1.75 m indicated by solid and dashed lines after [70].
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Figure 30. Locations of central Sumatran earthquakes of Mw > 5.0 between 2000 strike-slip
event of Mw 7.8 (symbol X at lower right) and shocks in 2007 of Mw 7.9 and 8.5. Heavy and
dashed lines denote calculated displacements of 15 and 5 m from [72].
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In summary, forerunning thrust activity did not occur within the 15 m slip
contour, consistent with its being a giant asperity associated with the Mw 8.5

earthquake.

3.4.5. Sumatran Earthquake of 2010, Mw 7.8
The 2010 shock ruptured seaward of the two events of 2007 along the shallowest
part of the plate boundary seaward of the Mentawai Islands. It generated a large
and destructive tsunami, like that off Java in 2006 [74]. Unlike the Java shock
(Figure 13), several thrust foreshocks occurred on the periphery of the higher
slip zone of Figure 31.

In summary, the 2010 earthquake, which occurred close to the trench, rup-
tured a quiet 5-m slip zone that was surrounded by forerunning thrust shocks.
That zone is identified as a major asperity. The 2010 event generated a large

tsunami.
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Figure 31. Locations of Sumatran earthquakes of Mw > 5.0 between September 2007 and mainshock of 2010 of Mw 7.8. Heavy
and dashed lines denote calculated displacements of 5 and 1.5 m from [74].

3.5. Earthquakes from New Guinea to New Zealand

3.5.1. West Irian, Indonesia 1996, Mw 8.2

None of the few thrust foreshocks occurred within the solid line that indicates
major computed slip in 1996 (Figure 32). Das and Henry [75], however, found
that their well-located pre-events took place very close to their zone of maxi-
mum slip, which they did not find for the other great shocks they examined.

The tsunami reached heights of 7 m in many areas (Bulletin International
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Seismological Centre). The mainshock consisted of a relatively simple pulse
[73].
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Figure 32. Locations of forerunning events starting in 1976 and aftershocks of Mw > 5.0 for West Irian (Biak), In-

donesian mainshock of 1996, Mw 8.2 (large solid blue circle). Contours of seismic moment released in mainshock
from 1 and 3 x 10* N-m indicated by dashed and solid lines from [75].

In summary, a major asperity may be present near the centroid. The number
of forerunning events was not sufficient for them to be used to map the coming

rupture zone.

3.5.2. Solomon Islands Earthquake of 2007, Mw 8.1

Many thrust earthquakes of Mw > 6.5 occurred along a narrow band of the sub-
duction zone in the Solomon Islands from 1977 through 2018. Events of Mw >
7.0 from 1915 to 1977, while likely not as well located, also were situated near
that same zone.

Figure 33 is centered on the largest known shock in the Solomon Islands, that
of 2007 of Mw 8.1. Little forerunning activity of Mw > 5.5 occurred from 1977
until the main event within either the western or eastern zones of large slip or
between them. The moment tensor solution for the mainshock was situated just
inside the western, ie., the larger, zone of forerunning activity. Abundant fore-
runners occurred just to its northwest as well as trenchward.

A very young plate boundary formed to the south of the Solomon Islands
along the north-south zone of rough topography [76] near 156.5°E (Figure 33).
It now divides the Australian plate to the east from the Woodlark plate to its
west. High slip in 2007 was concentrated on either side of where that zone in-
tersects the subduction plate boundary. That triple junction, however, expe-
rienced significant uplift during the 2007 mainshock [76]. The region between
the western and eastern zones of maximum slip in 2007 has not experienced a
larger known earthquake than Mw 6.4 from 1977 to 2018 or Mw > 7.0 since
1915. That very young subduction region near the triple junction may not be
capable of rupturing in a very large earthquake. Instead, it may move mainly

aseismically.
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Figure 33. Locations of earthquakes along the central Solomon Islands of Mw > 5.5 from 1976 through the 2007
mainshock of Mw 8.1. Large blue circle denotes long-period centroid location of mainshock. Colors depict sizes and
mechanisms of seismic sources. Heavy and dashed lines enclose regions of slip greater than 2 and 1 m during main-

shock from [76].

The rupture propagated mostly unilaterally to the northwest from the short-
period epicenter, which was located just to the southwest of the eastern re-
gion of high slip in Figure 33 [76]. The greatest slip occurred in the western
zone.

In summary, little forerunning activity occurred within either the western
and eastern zones of high slip or between them. The two major asperities that
broke in the mainshock could have been defined ahead of time using the fore-
running shocks. The zone between them, the site of a young triple junction, may

move aseismically.

3.5.3. Southeastern Solomon Islands Earthquake of 2016, Mw 7.8

The shock of 2016 off the west coast of the island of Guadalcanal at a centroid
depth of about 46 km had a reverse-faulting mechanism. Thrust and reverse fo-
rerunning earthquakes in Figure 34 surround a quiet zone near the centroid of
the mainshock. Rupture started at the southeastern end of that quiet zone near
10.79°S, 161.28°E. To my knowledge no one has published a detailed slip distri-
bution.

In summary, the forerunning activity surrounding the centroid of the main-
shock appears to define a great asperity extending about 50 to 80 km along
strike. That asperity itself was quiet for decades ahead of the 2016 mainshock. A
detailed computation of slip is needed for it.
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Figure 34. Forerunning activity from 1976 to the great Solomon Islands earthquake of 2016 (large black square)
near Guadalcanal.

3.5.4. Santa Cruz Earthquake of 2014, Mw 7.9

The great Santa Cruz earthquake of 2014 ruptured two separate patches of high
slip shown by the solid and dashed black lines in Figure 35 and Figure 36. Most
foreshocks (Figure 35) in the year before the mainshock occurred between the
two areas of higher computed slip not inside them. It is understandable that the
centroid location of the entire mainshock is located between the two high-slip
patches.

Figure 36 shows forerunning activity from 2003 to 2013 omitting the fore-
shocks in the previous figure. The regions of highest computed slip were devoid
of thrust forerunning activity. Several thrust forerunning events occurred in the
northwestern 2 to 7 m slip area. Activity in the southeast corner of Figure 36
may represent continuing aftershocks of the Mw 7.8 shock of 2009.

In summary, the two zones of highest slip in the 2014 mainshock were devoid
of forerunning activity. They are taken as defining two great asperities that rup-
tured in 2014. Foreshocks occurred between the two high slip zones.

3.5.5. Off South Island New Zealand 2009, Mw 7.8

The 2009 event took place along a subduction zone that extends from the south-
ern South Island of New Zealand southwestward to Macquarie Island (Figure
37) and dips to the southeast. Much forerunning thrust activity in the decades

DOI: 10.4236/ijg.2021.129046

886 International Journal of Geosciences


https://doi.org/10.4236/ijg.2021.129046

L. R. Sykes

before the 2009 mainshock took place to its northeast and southwest beyond the
computed slip contours [78]. Aftershocks took place closer to those contours

and to the centroid of the mainshock.
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Figure 35. Locations of earthquakes in the Santa Cruz Islands of Mw > 5.0 from January 2013 through early 2014
showing foreshocks and aftershocks of the mainshock of February 6 of Mw 7.9 (large blue circle). Heavy and
dashed lines denote computed displacements of 7 and 2 m modified from [77].
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Figure 36. Locations of earthquakes in the Santa Cruz Islands of Mw 2 5.0 from 2003 to January 2013 prior to the
mainshock of February 6 of Mw 7.9 (large blue circle). Foreshocks in previous figure are omitted.
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Figure 37. Locations of earthquakes near southwestern coast of the South Island of New Zealand of Mw >
5.0 from 1976 through the mainshock of 2009 (large blue circle). Heavy and dashed lines indicate computed
slip of 5 and 2 m in the mainshock from [78].

In summary, a quiet zone of forerunning activity was centered near the
high-slip area and the centroid of the mainshock. The forerunning activity in the
figure occurred beyond them. The rupture zone itself likely was the site of a
great asperity.

3.6. Earthquakes along Plate Boundaries of the North Pacific

3.6.1. Southern Kuril Earthquake of 1994, Mw 8.3

Forerunning activity of Mw 2 6.0 from 1976 until the great Kuril Islands earth-
quake of 1994 surrounds a very quiet inner zone in Figure 38 (ie, it defines a
very elongated shape or “Mogi donut” [23]. The location of the centroid of the
mainshock was situated within that elongate zone of forerunners. The short-period
locations (not shown) for the same events also outline a similar donut shape but
about 25 km to the northwest, probably an artifact of not considering properly
the velocity structure of the downgoing plate.

Modelling of seismological and geodetic data for the 1994 mainshock indi-
cates it consisted of two main sub-events [79]. Since those geodetic observations
were all to the southwest in Hokkaido except for a single observation on the
nearby Kuril Island of Shikotan, they were not certain a shallow-dipping plane
parallel to the strike of the subduction zone could be excluded. Nevertheless,
they favored a steeply dipping fault (solid black line in Figure 38) extending
from a depth of 40 to 60 km within the downgoing lithospheric plate. They
called it a lithospheric earthquake. Their model of the rupture zone lies in the
southwestern half of the quiet part of the donut.
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The centroid depths of the two reverse faulting aftershocks in Figure 39 were
54 and 60 km. The depths of thrust aftershocks within 100 km of the 1994 main-
shock were 33 to 60 km, in general agreement with the depth estimates of [79].
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@ Main 1994 Mw 8.3 @THRUST Mw 7.5-7.6 ® Thrust 7<M<7.2 @ Thrust 6<Mw<6.5 1976-M8.3 1994

Figure 38. Locations of thrust earthquakes in the southern Kuril Islands of magnitude Mw > 6.0 (red dots)
from 1976 until the great shock of 1994 (large blue dot). They surround what is interpreted as the great as-
perity that broke in the coming mainshock. Black line is rupture length of the steeply-dipping nodal plane of

[79].
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Figure 39. Locations of seismic activity between Kuril Islands great earthquake of 1994 (large red circle) and
nearby mainshock of 1995 (large blue circle).
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Thus, rupture in the 1994 mainshock appears to have been either within the
downgoing Pacific plate, a complex event with varying dips and depths or both.

Most aftershocks of Mw > 5.5 from the main event of 1994 until the 1995 ad-
jacent shock occurred just to the northwest of the seismic centroid (Figure 39)
and outside the quiet zone (i.e, the hole of the donut) in Figure 38. Few after-
shocks occurred along the southeast side of the donut. The distribution of after-
shocks favors rupture along a fault parallel to the plate boundary, albeit one of
steep dip.

The 1994 earthquake did not occur on the plate boundary but instead on a
northwesterly striking fault according to [80] [81]. I think they placed too much
emphasis on a possible connection between the 1994 shock and an event at a
depth of about 100 km farther to the northwest in 1978 of Mw 7.8. I conclude
they each picked the wrong nodal plane as the causative fault.

In summary, forerunning thrust events outline an elongate donut that was
free of such shocks in its interior. The centroid of the mainshock was inside, in-
dicating it likely defines a great asperity that broke in 1994. More work is needed
to resolve whether the mainshock, in fact, ruptured within the downgoing Pacif-
ic plate, including double-difference computations for the centroid data of the
events in Figure 38. A rupture within the lithosphere, as advocated by [79], is
like that in the great Tongan earthquake of 2006 as described in the Supplement.
Great earthquakes within the downgoing lithosphere, however, are uncommon
compared to great plate boundary events. The 1994 event probably did not re-
ruptured part of the plate boundary that broke in the Mw 8.2 event of 1969 just
25 years earlier and hence did not violate the seismic gap hypothesis. That part

of the plate boundary itself likely remains a seismic gap.

3.6.2. Kuril Island Earthquake of 1995, Mw 7.9
Forerunning activity to the great Kuril earthquake of 1995 surrounds a quiet
zone that includes the centroid of the mainshock (Figure 40). The 1995 main-
shock took place to the northeast of the 1994 event (Figure 38). Rupture in 1995
consisted of a simple pulse according to [73] but the Bulletin of the International
Seismological Centre states it broke in two main pulses 22 s apart. Schwartz [82]
computed the distribution of slip for the mainshock along strike but not with
depth. Schwartz found that computed high slip in 1995 overlapped that of the
giant shock of 1963 but with rather large uncertainties.

In summary, forerunning thrust activity defines a quiet zone that is inter-
preted to be a great asperity that broke in 1995. The amount of overlapping slip
in the 1963 giant and 1995 great earthquakes is uncertain.

3.6.3. Rat Island Aleutian Earthquake of 2003, Mw 7.7

Abundant forerunning activity with thrust mechanisms occurred on all sides of
the centroid of the Aleutian mainshock of 2003 (Figure 41). The mainshock was
one of the smallest events studied. Foreshocks were prominent (Figure 42) from

January 2003 until the main event in November. Aftershocks occurred solely to
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Figure 40. Locations of earthquakes of Mw > 5.5 from 1976 until 1995 Kuril Islands mainshock, Mw 7.9.
Solid and dashed lines indicate computed rupture zones of high and moderate slip from [83].
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Figure 41. Forerunning activity from 1976 until Rat Island, Aleutians mainshock of 2003. Large

blue circle denotes centroid of main event. Solid black lines indicate regions of high computed slip
from [83].
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Figure 42. Foreshocks and aftershocks of Rat Island, Alaska event of 2003. Large dark blue circle is centroid
of mainshock.

the east of the mainshock. Its short-period epicenter as determined by the Bulle-
tin of the International Seismological Centre was located about 50 km east of the
centroid, indicating the mainshock ruptured from east to west. Amchitka Island,
the site of three U.S. underground nuclear tests is located near 51.5°N, 179°E.

Rupture in 2003 consisted of a large simple pulse followed by later smaller slip
pulses [73]. Most forerunning thrust earthquakes occurred outside the areas of
high computed slip but three forerunning event took place within the larger slip
contour.

In summary, much forerunning thrust activity to the 2003 mainshock oc-
curred closer to the Aleutian Islands than the centroid and zones of computed
high slip. Three thrust events occurred within the main high-slip contour. All

but one foreshock took place outside.

3.6.4. Central Aleutian Island Earthquake of 1996, Mw 7.9
Almost all forerunning thrust events (Figure 43) of the Aleutian earthquake of
1996 occurred on the island side of its centroid. Abundant forerunning activity
took place to the west of the centroid and of Adak Canyon (near 177.3°W).
Tanioka and Gonzalez [84] modelled tsunami data for the 1996 and 1986 earth-
quakes. They concluded that the downdip width of the mainshock of 1996 was
30 km or less. The 1986 and 1996 rupture areas were well coupled seismically but
the region to the east of 174W was not [85]. Displacements were modelled for

the 1996 mainshock [83]. The zone containing 50% of moment release
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Figure 43. Forerunning events to the mainshock of 1996 in the Aleutian Islands. Large blue circle is centroid of

mainshock; large open blue circle denotes centroid of 1986 great event. Heavy and dotted lines are contours
enclosing 50% and 85% of the estimated slip in the 1996 mainshock from [83].

is devoid of forerunning activity in Figure 43. All but one of the forerunning
events occurred trenchward of that contour. This is consistent with the finding
that the 1996 shock generated a tsunami that propagated across the Pacific [85].

Modelling the distribution of slip along strike for the 1986 shock, Boyd and
Nabélek [86] found it consisted of two zones of high moment release to the east
of the 1986 centroid (Figure 43) and a zone of smaller release about 23 km to its
west. Thus, high slip in the two mainshocks does not appear to overlap. The av-
erage slip from the seismic moment over the entire rupture 1986 zone was close
to that calculated assuming full plate coupling since the 1957 giant earthquake
[86]. Their estimates for the two zones of highest slip in 1986, however, were
greater than those calculated for the potential slip built up since 1957 assuming
full coupling.

The occurrence of the 1986 and 1996 earthquakes so soon after 1957 led sev-
eral earth scientists to claim the seismic gap hypothesis was false. Since most
great earthquakes have occurred in long-standing seismic gaps where sufficient
potential displacement could have built up by plate motion, I sought other ex-
planations for the occurrence of the 1986 and 1996 Aleutian events only 29 and
39 years after the giant 1957 mainshock. The centroids of the 1986 and 1996
shocks were located farther south and more trenchward than nearly all of the
1996 aftershocks and possibly those of 1986 (Figure 44). Thus, slip in 1996 and
possibly 1986 may have ruptured more trenchward than the 1957 earthquake.
Boyd and Nabélek [86] did not estimate how the release of seismic moments va-
ried in the dip direction; nor did Johnson et al [87] for the 1957 earthquake.
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Figure 44. Aftershocks of 1996 mainshock in the Aleutian Islands. Large blue circle is centroid of 1996
mainshock; large open blue circle denotes centroid of 1986 event.

Moment release was small in 1957 to the east of the 1986 rupture zone [87].
Thus, we do not know how much areas of significant moment release in 1957
overlapped or not with those in 1986 and 1996. The short-period epicenter of the
1957 shock near 51.63°N, 175.41°W was close to that for 1986 and about 45 km
north of the 1986 centroid.

Another explanation is that the 1957 shock did not release the stress that had
been built up earlier. By that hypothesis, the 1986 and 1996 earthquakes released
stresses that had been stored up for longer than 29 and 39 years.

In summary, forerunning and aftershock activity to the 1996 earthquake oc-
curred mainly north of its centroid and the zone of highest slip, indicating the
asperity that broke in it may have been located farther south. Detailed informa-
tion on slip in the 1957 mainshock is needed to ascertain if the occurrence of the

1986 and 1996 events violated the seismic gap hypothesis by rupturing so soon.

3.6.5. Kamchatka Earthquake of 1997, Mw 7.8

The great Kamchatka mainshock of 1997 was a thrust event along this well-studied
subduction zone. The event was unusual in that the highest slip region was si-
tuated beneath land of the Kronotsky peninsula. Neither the forerunning thrust
nor aftershock activity in Figure 45 and Figure 46 occurred within the two
computed regions of high slip. The forerunners surround the quiet zone on three
sides.

The plate boundary to the north of 53°N is only moderately well coupled ac-
cording to [88] [89] compared to that to the south, which includes a great shock
in 1923 and the giant earthquake of 1952 [90]. The 1997 mainshock took place in
a long-standing seismic gap between the 1923 event and that of 1971 to the
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northeast. The two papers find that small foreshocks and postseismic slip in the
two months after the 1997 mainshock occurred outside of the main asperity that
ruptured co-seismically. They report that aseismic afterslip during the next two
months released as much seismic moment as the mainshock. The rupture in
1997 consisted of a simple pulse [73].

In summary, forerunning activity did not occur within the computed high
slip region but was concentrated along its periphery on three sides. It defines a
great asperity that likely broke in the mainshock. The mainshock took place in a

well-defined seismic gap.

4. Discussion and Conclusion

Forerunning earthquakes of moderate to large size occurred during the 5 to 45
years before many recent great and giant thrust mainshocks at subduction zones.
While the patterns and numbers of those events varied, several common pat-
terns can be observed in the figures.

The rupture zones of 17 out of 47 mainshocks at subduction zones consisted
of quiet zones surrounded by decadal forerunning activity on 3 to 4 of their
sides. These include the following earthquakes: Kuril Islands 1994 and 1995,
western Aleutians 1996, Vanuatu 1997, Kamchatka 1997, Tokachi-oki 2003, Nias
2005, Peru 2007, central Sumatra 2007, Solomon Islands 2007, New Zealand
2009, northern and southern Sumatra 2010, Tohoku 2011, Costa Rica 2012, Ec-
uador 2016 and eastern Solomon Islands 2016. This number is enough to make
further work on them and future large subduction zone earthquakes worth pur-
suing. Many were identified in the literature as occurring in well-coupled seg-
ments of plate boundaries and long-standing seismic gaps.

Quiet zones surrounded by forerunning seismic activity are common. Quiet
zones are taken to define major asperities that then ruptured in those main-
shocks. The locations of surrounding seismic activity are interpreted as sites of
small to moderate-size asperities of various numbers and sizes.

Forerunning events of Mw > 5 occurred mainly updip of the centroids and
computed zones of highest displacement for the Iquique and Tocopilla earth-
quakes of 2014 in northern Chile (Figure 4). Schurr et al. [22] found that smaller
prior earthquakes than those used in this paper also occurred to the east and
downdip of the centroid of the coming great shock. Thus, the totality of activity
encircled a quiet zone, forming a well-developed Mogi donut. With the addition
of those data, the entire size of the coming rupture zone was identifiable before-
hand. The rupture length along strike of the coming 2014 mainshocks also could
be estimated beforehand; it was not as long as that of the preceding 1877 giant
earthquake. The Iquique plate boundary had been a seismic gap since 1877. The
Iquique shock also was preceded by several types of forerunning and precursory
activity. In a sense it is a “poster child” for work on earthquake prediction for
time scales of months to decades.

The giant Maule earthquake of 2010 broke two seismic gaps that had pre-
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viously ruptured separately in 1835 and 1906. Forerunning activity was largely
concentrated near the two ends of the 2010 rupture zone, which coincides with
two low-coupling zones (LCZ). Those and other LCZ described in the literature
behaved differently from the two great asperities that ruptured together in 2010.
Many LCZ have been described as sites of slow-slip seismic events. The Araco
LCZ at the southern end of the rupture zone of the 2010 shock was very active
prior to and after the giant Chilean earthquake of 1960. Work on detecting fo-
rerunning and precursory activity needs to pay particular attention to those and
other LCZ’s.

Another low-coupling zone appears to be present off the southern coast of
Kodiak Island (Figure 47) near the southwestern end of the rupture zone of the
giant Alaskan shock of 1964. Aftershocks of the 1938 and 1964 earthquakes over-
lapped in what may be a LCZ. Slip in 1964 was small in that area [92]. An event
of Mw 7.1 occurred six weeks before the 1964 earthquake along with other
somewhat smaller events. Other LCZ have yet to be mapped and defined.

The zones of computed high slip for the great 2001 Arequipa and 2006 Kuril
earthquakes were larger than the regions of forerunning activity shown in Fig-
ure 12 and Figure 18. One explanation is that rupture in each mainshock started
in a quiet zone and then continued outside of it along strike. Forerunning activ-
ity surrounded a large quiet zone in the southwestern half of the coming rupture
zone of the 2006 Kuril shock. Foreshocks occurred on its southwestern boun-
dary. Rupture in the Arequipa mainshock began in the north in a quiet zone of
forerunning activity and progressed into a southeastern area of more activity,
much like the Kuril shock. Both mainshocks were large enough that they each
likely broke a great asperity and then ruptured into a lower-coupling zone along
strike.

Forerunning activity to the giant 2011 Japanese earthquake was distinct in
that many Miyagi-oki shocks of Mw > 7.0 occurred in the decades to more than
a century beforehand between its computed regions of slip of 4 to 24 m. Slip
larger than 24 m in the mainshock occurred close to the trench where many had
incorrectly surmised slipped took place aseismically. The large Miyagi-oki asper-
ities apparently needed to rupture before the final one would be sufficiently
stressed to break in 2011. Large co-seismic rupture then spread to the shallowest
part of the plate boundary where slip exceeded 50 m. Stresses associated with the
unusually large Miyagi-oki asperities apparently prevented the plate boundary
closest to the trench from moving aseismically at significant rates until the 2011
giant shock.

Rupture zones of several other great shocks were not well defined by forerun-
ning activity. That was particularly so for some of the smallest shocks, those of
Mw < 7.8. Their rupture zones were small compared to uncertainties in the cen-
troid locations of forerunning events. In addition, some had few forerunning
shocks of Mw > 5. The use of double-difference relocations for them as well as

the addition of smaller forerunning events could be useful.
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the southern coast of Kodiak Island, Alaska. Events in February 1964 occurred prior to the
giant earthquake.

A few great thrust earthquakes occurred along subduction zones that are
widely regarded as being poorly coupled. Forerunning events were largely or to-
tally missing for mainshocks offshore of Java, Tonga and the Marianas. The great
events described for Tonga and the southern Marianas likely occurred within the
downgoing plates, not at plate interfaces. The two Java shocks took place along
the plate boundary very close to its outcrop at the Java trench. Each triggered
normal faulting, not thrust, aftershocks even though the mainshocks involved
thrust faulting.

Identifying regions that are capable of rupturing in shocks like the two off Ja-
va will need to employ other techniques. The use of forerunning activity to iden-
tify asperities that are capable of rupturing in great and giant earthquakes ap-
pears to be limited to well-coupled segments of subduction zones and their ad-
jacent low-coupling zones.

Pérez and Scholz [6] studied forerunning activity and aftershocks of six giant
earthquakes from 1952 and 1965 using events of magnitude 7 and larger extend-
ing back to 1900. They sought to identify “seismicity patterns” associated with the
entire seismic cycle of giant events. They report that once a mainshock-aftershock
sequence occurred, the focal region entered a period of relative quiescence for
large (Ms = 7) earthquakes. Significant activity of those magnitudes took place
during many decades prior to each mainshock and clustered in space around the
ends of the forthcoming rupture and/or in the vicinity of the short-period epi-

center. They found that large aftershocks were localized at the places where prior
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seismicity had occurred. They also report that the nucleation and ends of the
rupture often coincide with recognizable geometrical and/or geological inho-
mogeneities, or “barriers”. They did not recognize any statistically significant
“quiescent” or “doughnut” patterns in the preceding seismicity. They state, “in
no case have we found any ‘quiescence’ (ie., a rupture or study area in general
that is seismically active and then becomes quiet) that can be qualitatively or
quantitatively interpreted as significant and hence precursory to the main
shock.”

Several similarities to those of Pérez and Scholz were found in this paper but
at the Mw 2 5 level including activity at the ends of rupture zones of mainshocks
and the general distribution of aftershocks with respect to forerunning activity.
Another similarity was that quiescence does not commence some time during
the cycle of stress buildup to great earthquakes. The reason for this is that great
asperities remain quiet during the long period of stress accumulation and then
rupture suddenly in great and giant shocks. Differences found here were that fo-
rerunning activity occurred down and up dip as well as along strike. Prominent
donut patterns of forerunning activity were found before some great earth-
quakes.

The rupture zone of the giant 1906 Ecuador-Colombia earthquake subse-
quently re-broke in large but not giant shocks in 1942, 1958 and 1979. The 2016
Ecuadorian earthquake of Mw 7.8 appears to have begun the next cycle of great
shocks for the whole zone by re-rupturing the 1942 area (Figure 15). Most giant
earthquakes—Ilike 1952 Kamchatka [90], 1960 Chile [93], 1964 Alaska [94] and
2004 Sumatra-Andaman [95]—likely ruptured two or more great asperities. Each
probably broke separately in moderate to great shocks at other times. This is a
common pattern at subduction zones.

Earthquakes along several oceanic transform faults behaved in similar ways to
those at subduction zones. Moderate-size shocks occurred and recurred along
some segments of the Gofar transform fault at 4°S on the East Pacific Rise while
other segments moved even without moderate-size earthquakes [96]. Some seg-
ments of the Eltanin transform fault system farther south were sites of repeating
moderate-size earthquakes whereas other segments were poorly coupled for
shocks of Mw > 5.5 [14] [97].

The Parkfield segment of the San Andreas Fault in central California is poorly
coupled since it is known to have ruptured in earthquakes of only moderate size.
It is the site of substantial fault creep and numerous small earthquakes. The ad-
jacent main fault segments farther south and southeast, however, ruptured in the
great earthquake of 1857. Several moderate-size events occurred in the general
vicinity of Parkfield in the hours before the great 1857 shock [98]. Parkfield and
vicinity could be a good place to seek forerunning activity to the next great
shock farther south along the San Andreas Fault. The Parkfield zone is much like
low-coupled zones along subduction zones.

The 1906 great earthquake in northern California was preceded by an unusual
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sequence of forerunning shocks of magnitude greater than 5 [99]. Most of them
occurred off the San Andreas fault, the main fault that ruptured in 1906. Similar
forerunning activity and accelerating seismic moment release took place with
time prior to the 1868 Hayward, 1948 Desert Hot Springs and 1989 Loma Prieta
earthquakes in California [99]. These patterns are like forerunning activity be-
fore many great earthquakes at subduction zones. Decadal forerunning activity
to great strike-slip faults is described further in [8].

Cumulative seismic moment accelerated on time scales of about a decade be-
fore the 2011 Tohoku-oki and the 2014 Iquique earthquakes. Whether increase
in moment was, in fact, casually related to the two coming earthquakes is uncer-
tain. Aa firmer connection will require knowledge from additional great events.
This paper examined mainly the distribution of forerunning activity with lati-
tude and longitude, only a few instances of how it varied with time or depth.
That is an area of obvious future research.

Several other types of possible precursors—increases in the frequency of small
repeating earthquakes, slow slip events and changes in b values—are described
briefly along with descriptions of forerunning seismicity and great asperities. We
need to understand if precursors of those types occur most often just before
great and giant earthquakes.

All quiet zones and sites of forerunning activity in this paper were identified
in hindsight. Is it possible to map similar distributions of forerunning activity
ahead of time to better determine the slip regions of coming great and giant
earthquakes and their magnitudes? This will not be easy since hundreds of quiet
zones exist today for the subduction zones of the world. Observations and cal-
culations could be used to narrow the search for those great events that are well
advanced in time compared to their average repeat interval. Did those regions
rupture previously in great or giant events; approximately what percentage of
their rupture interval has already expired? For example, much of the 1964 rup-
ture zone is presently quiet at the Mw > 5.0 level, in accord with it consisting of
two or more great asperities. Since displacements during 1964 were very large in
those asperities, most of its rupture zone is very likely to be in the early stages of
buildup of stresses to a giant event. Similarly, much of the 1960 Chilean rupture
zone is not far advanced. An earthquake of Mw 7.6 in 2016 broke outside the 20
m but within the 5 m contour of the 1960 rupture zone (Figure 23). It obviously
was not a repeat of the giant shock of 1960. Thus, earthquakes of Mw 7.5 to 8.0,
but much smaller than those of 1960 and 1964, could well break smaller parts of
the zones that ruptured in giant shocks of the last 100 years.

Changes in rates of aseismic deformation prior to several earthquakes are de-
scribed in [100] [101]. For the days before the great 1944 and 1946 Nankaido
earthquakes in Japan, geodetic observations and sea level changes have been in-
terpreted as precursory slow slip at depths below those two rupture zones [102].
Slow slip at longer time scales occurred before the 2011 Tohoku-oki earthquake.

Slow slip events of a variety of time scales are an important and exciting area of
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present study. Whether they can be used for intermediate-term and long-term
predication is being assessed.

The work here on forerunning activity and identification of asperities of vari-
ous sizes should be considered merely one aspect of earthquake prediction. The
recent paper by [103] indicates strong new interest in the United States in mon-
itoring and studying earthquake precursors. Forerunning activity also needs to
be included as well as shorter-term precursors. We also need to know better
where and when shorter-term precursors occur prior to very large events. I ad-
vocate moving from longer to short-term precursory studies.

Future work needs to include many subduction zones and transform faults
worldwide instead of concentrating on just a single or a few areas, as happened
in the United States decades ago with Parkfield. In addition to operating more
local seismic networks, deployments of permanent GPS observations are needed
for additional segments of subduction zones, including sites on the seafloor.
Double-difference relocations need to be performed for forerunning shocks, in-
cluding older earthquakes. Computer processing of seismic data to possibly iden-
tify forerunning and precursory activity could be done on a continuing basis us-

ing probabilistic approaches as new earthquakes occur.
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Supplement
1. Introduction

This section contains information on some of the smaller great earthquakes stu-
died, those with no or poor information on the zones of high displacements and

those for which no or little forerunning activity occurred.

2. Poorly Coupled Subduction Zones

2.1. Lesser Sunda Islands, Indonesia

Few thrust events of Mw > 5.5 and no known shocks of Mw > 7.7 occurred in
Figure S1 along this subduction zone. One exception is where the continental
margin of Australia is impinging on the subduction zone between 119° and
120°E where thrust shocks as large as Mw 6.5 occurred. Most earthquakes in the
figure involved either strike-slip mechanisms along the inner wall of the subduc-
tion zone, thrust faulting along planes dipping to the south near the islands or
normal faulting near the trench. This contrasts with the greater numbers of thrust
events shown earlier along well-coupled subduction interfaces. Normal-faulting
shocks were relatively common near the trench including one in 1977 of Mw 8.3
(large open blue circle in Figure S1). It generated a large tsunami and was lo-
cated far to the east of the two large Javanese earthquakes of 1994 and 2006 in
the main paper.

In summary, most of the Lesser Sunda islands were devoid of forerunning
thrust activity just to the north of the trench. That part of the plate boundary
appears to be poorly coupled as is that south of Java to the west. Many thrust
events of moderate size occurred to the north of the island chain along faults
that dip southerly. As Australia has converged with the Indonesian subduction

zone, plate motion has jumped to the north side of the Sunda islands.

2.2. Mariana Islands, Thrust Earthquake of 1993 Near Guam,
Mw 7.7

This was one of the smaller earthquakes examined. The Mariana subduction
zone and its extension farther north along the Volcano, Izu and Bonin island arc
are considered by most geoscientists to be poorly coupled. Seafloor (back arc)
spreading occurs behind the subduction zone. Only two shocks in the Marianas
of Mw > 7.0 are known between 1976 and 2018 and one between 1916 and 1976.
The subduction zone farther north has a similar paucity of events of those mag-
nitudes except at its northernmost end near the Izu Peninsula of Japan. The Ma-
rianas have experienced a number of shocks of Mw < 6.0 (not shown).

The largest known shallow earthquake (Mw 7.7) in the southern Marianas
occurred in 1993. It likely was an intraplate thrust event at a depth of 74 km in
the downgoing Pacific plate, not an earthquake along the plate interface [1]. Fo-
rerunning shocks of Mw > 5.5 between 1976 and its occurrence in 1993 were

very few and most had strike-slip mechanisms (Figure S2). Only two possible
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Figure S1. Locations of earthquakes near the Lesser Sunda Islands of Indonesia of Mw > 5.5 from 1977 through February 2019
Colors depict sizes and mechanisms of earthquakes.
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Figure S2. Earthquakes in the southern Mariana Islands of Mw > 5.5 from 1976 until the mainshock of 1993 (large blue circle)
Colors denote sizes and mechanisms of earthquakes.
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forerunning thrust events, each of Mw 5.5, took place within 150 km of the 1993
mainshock. A pattern of forerunning activity cannot be identified unless strike-slip
mechanisms are included. The data reinforce the idea that the Mariana subduc-
tion zone is either mostly or entirely decoupled. To my knowledge a finite-fault
computation has not been published.

In summary, the great thrust earthquake of 1993 appears to have occurred
within the downgoing plate, not along the plate interface. Most, if not all, of the
subduction zone along the southern Marianas is poorly coupled

2.3. An Unusual Thrust-Faulting Earthquake Beneath Tonga in
2006, Mw 8.0

The Tonga-Kermadec plate boundary also is taken by most geoscientists to be
poorly coupled. While thrust earthquakes as large as Mw 6.5 have occurred his-
torically, few great thrust events are known. The number of earthquakes along
the entire Tonga arc falls off rapidly as Mw increases (Figure S3). That activity
also drops off dramatically with depth (not shown). This supports the hypothesis
of poor coupling for most of the shallow plate boundary. Several asperities likely

exist that are large enough to break in events of Mw < 6.5.

90 -

® THRUST M >=5.5
@

O NORMAL FAULTLING
80

B | ower Plate

0 . . | | © REVERSE FAULTING
A HINGE FAULTING
(%]
2 60 - - —Expon. (THRUST M
g >=5.5)
o
£ @
£
[+]
i
L
o
R
Q
e
£
=
2

5.5 6 6.5 7 7.5 8 8.5
Magnitude, Mw

Figure S3. Number of Tongan earthquakes per 0.1 unit of magnitude
Mw from 1977 through 2018.

DOI: 10.4236/ijg.2021.129046

911 International Journal of Geosciences


https://doi.org/10.4236/ijg.2021.129046

L. R. Sykes

Most thrust events in the centroid catalog are confined to the upper 20 km,
which makes the thrust-faulting mainshock of 2006 unusual since its reported
long-period (centroid) depth was 69 km. Meng ef al reanalyzed long-period P
and surface waves and concluded the mainshock occurred at a similar depth [2].
They analyzed data from regional seismic stations in Tonga and several GPS-
observation points along the island chain. They deployed additional local sta-
tions after the mainshock. They concluded that the 2006 mainshock occurred
within the downgoing Pacific plate 30 to 40 km below the plate boundary. The
locations of many of their aftershocks, however, were located above it close to
the plate boundary. Their analysis of an Mw 7.6 earthquake farther south in
Tonga near 23°S in 2009 indicates it too occurred within the downgoing plate.
Its mechanism, unlike that for the 2006 event, involved reverse faulting with a
steeper dip.

Meng et al. [2] performed a joint inversion of the slip distribution for the 2006
event. Since their computed zone of high slip extended outward only about 25
km, it was too small to compare it with locations of possible forerunning activi-
ty. Many long-period GCMT locations for thrust events appear to be biased at
least 25 km to the east since they fall beyond the deepest part of the trench. The
centroid location of the 2006 mainshock was located beneath the plate boundary
but only 25 km from the deepest part of the trench. Those GCMT locations were
likely biased too far east since they did not take into account sufficiently the
spreading center of very of low velocity to the west of the Tongan arc in the Lau
basin.

In summary, the 2006 earthquake ruptured within the downgoing Pacific
plate at a depth of about 65 km and not along the plate boundary. It may have
been like the great Kuril shock of 1994 described in the main body of the paper.

The Kermadec subduction zone extends from the southern end of the Tongan
arc at 26°S to northern New Zealand near 36°S. Its largest thrust earthquake
from 1976 through 2018 was of Mw 7.9. The three largest events from 1916 to
1976 were of Mw 7.8 to 8.1. Shallow shocks of Mw > 7.0 since 1976 all occurred
along just a part of the plate boundary between 28.7° and 30.6°S. Since most of
them took place soon after the start of the GCMT catalog in 1976, forerunning

activity could not be calculated for them using that catalog.

3. Well-Coupled Subduction Zones with Complicated or
Poorer Data

3.1. Jalisco, Mexico 1995, Mw 8.0

The 1995 mainshock of Mw 8.0 occurred along the Mexican subduction zone
near a plate triple junction. The Cocos plate and the small Rivera plate underth-
rust the North American plate along the rupture zone of the 1995 earthquake.
Only two forerunning events and a number of aftershocks with thrust mechan-
isms can be seen in Figure S4. Strike-slip activity, most of it after the mainshock,

occurred just to the southwest along the Revilla Gigedo transform fault system.
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Figure S4. Locations of earthquakes off Jalisco, Mexico of Mw = 5.0 from 1976 through the mainshock of 1995 of Mw 8.0
(large blue-black circle). Heavy and dashed lines indicate computed displacements of 2 and 1 m [3].

In summary, the near lack of forerunning thrust activity is difficult to com-

pare with the zones of high computed slip for this region of tectonic complexity.

3.2. Minahassa Peninsula of Sulawesi Island Earthquake of 1996,
Mw 7.9

The 1996 mainshock of Mw 7.9 occurred along the northern peninsula of the
Indonesian island of Sulawesi. The rocks of the peninsula consist of a major
ophiolite complex. The thrust-fault mechanism of the mainshock and those of
its aftershocks were situated at the western end of a subduction zone to the north
and northwest of the peninsula. Its westernmost end abuts a major transform
fault that strikes southerly. The mainshock (Figure S5) consisted of a simple
pulse [4].

In summary, the centroid of the mainshock is situated inside the estimated
high-slip area. That area is identified as a major asperity that broke in the main-
shock. It was located at the intersection of thrust and transform plate bounda-
ries. Most forerunning activity was located more than 50 km from the small

high-slip area.

3.3.Irian Jaya, Indnesian Earthquake of 2009, Mw 7.7

The 2009 Irian Jaya shock of Mw 7.66 was one of the smallest earthquakes ex-
amined. It occurred near the northwest coast of New Guinea along the Manok-
wari trench. The computed slip contour in Figure S6 of 3 m, about half of the
maximum, is quite small. A single shock of Mw 5 can be seen within that con-

tour. The 1 m contour (not shown) extended about as far west as the aftershocks
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Figure S5. Locations of earthquakes of Mw > 5.0 from 1976 until mainshock of 1996 of Mw 7.9 near the Mina-
hassa Peninsula of Sulawesi, Indonesia. Large blue circle denotes centroid of mainshock. Dotted line encloses
85% of the area of computed slip [5].
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Figure S6. Locations of earthquakes near Irian Jaya, Indonesia of Mw > 5.0 from 1989 until mainshock of Mw

7.7 of 2009. Large blue circle denotes centroid of mainshock. Black oval encloses computed displacement of 3

m and larger from [6].
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shown in the figure and about as far east as the large aftershock of Mw 7.4. The
mainshock consisted of a relatively simple source pulse [6].

In summary, the 3-meter slip contour, which extended about 40 km along
strike, may define a relatively small asperity that ruptured in the mainshock. The
number of forerunning shocks was small; uncertainties in their locations may

well be sizable with respect to the dimensions of the 3 m slip contour.

3.4. Triple Junction Near New Ireland, New Britain and
Bouganville—Papua New Guinea—Three Great Earthquakes
of 2000, Mw 7.8 and 8.0

An unusual sequence of three great earthquakes occurred in and near New Irel-
and within 40 hours in 2000. The first of Mw 8.0, a strike-slip event (blue X in
Figure S7), ruptured the Weitin-Kamdaru fault, which crosses New Ireland with
a strike of NNW [7]. The two shocks of Mw 7.8 (large blue circles) were thrust
events along the shallow-dipping, ENE-striking New Britain subduction zone. A
major plate triple junction is present just to the south of the more eastern Mw
7.8 shock. The strike-slip event broke the surface of the Weitin-Kamdaru fault
about 15 km west its computed centroid. The fault then broke farther to the
northwest in 2019.

to 2000 Mw 8.0&7.8

— XStrlke-Slip Mw 8.0 2000
- @Thrust Mw 7.8
| |@Thrust 7.0<Mw<7.5
@Thrust6.5t0 7.0
@ Thrust 6.0<Mw<6.5
O Thrust 5.5<Mw<6.0
BReverse 7.5-7.7
M Reverse Mw 7.2
M Reverse 6.5<Mw<7.0
M Reverse 6.0<Mw<6.5
O Reverse 5.5<Mw<6.0
x Strike Slip
© Normal Faulting

3.5 — —
-~ 7 '-"—;. xﬁ:m:‘}. ' m{;‘_‘u New Ireland 1976
yove | b 4

Latitude South

5 M il 4 B -
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Figure S7. Locations of earthquakes near the plate triple junction south of New Ireland and east of New Britain. The
first of three mainshocks on November 16 and 17 of Mw 8.0 involved strike slip faulting (large blue X). The next two
mechanisms were thrust faulting of Mw 7.8 (two large blue circles). Computed displacements during the two thrust
events of Mw 7.8 of 3 and 1 m are shown in solid and small dashed black lines [8].
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Park and Mori [8] modelled displacements during the Mw 8.0 event. They
concluded that left-lateral, strike-slip motion first occurred within the island of
New Ireland transitioning to a thrust component farther southeast. This helps to
understand why the overall centroid mechanism indicated slip on a fault dipping
43°NE. Park and Mori obtained a steeper dip and a larger Mw of 8.2. They find
it ruptured as far southeast as the first Mw 7.8 shock [8].

I show estimated displacements for the two largest thrust events, which are
relatively small. Park and Mori [8] obtained Mw 7.5 and 7.4, smaller than the
two GCMT values of 7.8. The centroids of the latter are located outside the
maximum slip zones of Park and Mori. Forerunning thrust activity surrounds
the centroid of the eastern thrust event of Mw 7.8. Only one thrust foreshock
occurred within the 3 m slip zone, suggesting that mainshock may have occurred
within a major asperity. Many forerunning thrust shocks occurred, however,
within the 1 m slip zone of the second Mw 7.8 event. Its centroid lies outside that
calculated high slip zone.

In summary, the two largest thrust events of 2000 occurred in a complex
three-plate tectonic setting. It is difficult to reconcile the locations of forerun-
ning activity with the small size of their calculated zones of maximum slip. The
latter do not agree with the two centroids, suggesting one of them is incorrect.
Uncertainties in the locations of the centroids of thrust events of Mw 5.5 to 7.5
may be comparable to the sizes of the slip zones of the two largest thrust earth-

quakes.

3.5. New Ireland-Bouganville Earthquake of 2016, Mw 7.9

The 2016 shock along the Solomon subduction zone occurred about halfway
between New Ireland and Bougainville and to the southeast of the three great
earthquakes of 2000 (Figure S7). It was a reverse-faulting mechanism with a cen-
troid depth of 53 km. Initial slip, however, began about 100 km to the north-north
west at a depth of about 105 km (Bulletin of International Seismological Centre).
Lay et al [9] modelled the initial 30 s of rupture as occurring over depths of 90
to 120 km on a fault dipping to the southwest. They conclude It was then fol-
lowed by 50 s of rupture along the plate interface from depths of 32 to 47 km.
Their calculated slip contours for the shallower half of their solution, solid and
black lines in Figure S8, are situated well to the east of the centroid. They place
deeper slip (not shown in Figure S8) as extending farther north than that shal-
lower.

In summary, the contours of maximum slip on the plate boundary by [9] are
located well to the east of the centroid of the mainshock. What asperities rup-

tured in the mainshock are uncertain.

3.6. Santa Cruz Earthquakes 2009, Mw 7.6 and 7.8

In summary, the calculated slip contours are about 35 km from the centroid

of the 7.6 mainshock, making it difficult to determine the location of an asperity
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that ruptured during it. Thrust forerunning activities surrounding both the Mw
7.6 and 7.8 centroids better define the two asperities broke in the mainshocks
(Figure S9).

3.7. Vanuatu Earthquake of 1997, Mw 7.69

The 1997 mainshock in the northernmost Vanuatu islands of Mw 7.69 was among
the smallest earthquakes examined. Its centroid is situated along the inner wall
of the Vanuatu (New Hebrides) trench (Figure S10). It caused a moderate-sized
tsunami [11]. No forerunning activity occurred within the 50% slip contour.
Most forerunning thrust and reverse activity was situated more than 25 km from
the centroid. The centroid of the mainshock is located trenchward than most of
the calculated high slip.

In summary, forerunning seismic activity was situated on three sides of the
centroid of the mainshock and what is taken as a large asperity about 50 km
along strike that ruptured in the mainshock. The centroid, however, is located

seaward (trenchward) of the estimated large slip contours.
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Figure S8. Locations of earthquakes of Mw 2 5.5 south of New Ireland and west of Bougainville from 2006 until 2016
mainshock of Mw 7.9; aftershocks are also shown. Large black square indicates centroid of mainshock with its re-
verse-faulting mechanism. Black solid and dashed lines denote estimated maximum displacements of 2 and 1 m from

[9].
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Figure S9. Locations of earthquakes in the Santa Cruz Islands of the southwest Pacific of Mw >
5.0 from 1976 through two 2009 mainshocks of Mw 7.6 and 7.8 (large blue circles). The Mw 7.8
shock occurred 15 minutes after the Mw 7.6. Hence, detailed slip in the Mw 7.8 was not be mod-
elled. Solid and dashed lines denote estimated slip contours of 4 and 1.5 m after [10] for the Mw
7.6 shock, one of the smallest mainshocks examined.
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Figure S10. Locations of earthquakes in the Vanuatu islands of the southwest Pacific of Mw >

5.0 from 1976 through the 1997 mainshock of Mw 7.69 (large blue circle). Solid and dashed lines
are contours enclosing 50 and 85% of the estimated slip areas in the mainshock from [5].
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3.8. North Honshu Offshore Earthquake of 1994, Mw 7.73

The 1994 earthquake of Mw 7.73 occurred off the east coast of Honshu, Japan
between the rupture zones of the great 1968 shock to the north and the giant
2011 Tohoku event to the south. The 1994 event was one of the smaller earth-
quakes studied; its maximum slip zone of (only 0.5 m in Figure S11) extended
about 75 km along strike and 35 km down dip. Possible uncertainties in the lo-
cations of nearby forerunning events may be a non-negligible fraction of those
dimensions. Most forerunning activity occurred farther along strike of the plate
boundary and the centroid. Aftershocks through 1998 (not shown) took place
largely outside the 0.5 m slip contour.

In summary, the 0.5 m slip contour contains the centroid of the mainshock.
The large asperity that broke in the mainshock was surrounded by decadal fore-
running activity. It includes the centroid and may extend somewhat farther

northwest than the calculated slip contour.

3.9. Earthquake off the West Coast of Hokkaido Japan in 1993,
Mw 7.7

The 1993 Japanese earthquake was one of the smaller events examined. It oc-
curred off the west coast of the northern island of Hokkaido along a plate boun-

dary with a very slow rate of long-term slip, especially when compared to that
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Figure S11. Earthquakes of M > 5.0 from 1976 until the mainshock of 1994 (large blue circle) off the
coast of northern Honshu, Japan of Mw 7.7. Dotted line encloses area of calculated displacement greater
than 0.5 m from [12].
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for the east coast of Honshu. This slow rate likely accounts for the lack of fore-
running thrust activity and only three forerunning reverse-thrusting events in
the 18 years before the mainshock (Figure S12). Several aftershocks surrounded
the centroid of the mainshock at distances of 30 to 75 km. Kato and Tsuji [13]
computed two areas of large displacements (not shown) from tsunami arrival
times and some geodetic data that extended from 42.95°N to the north of the
centroid to 41.8°N to its south.

In summary, the centroid of the mainshock was centered inside the region of
maximum computed slip. Aftershocks and the few forerunning events occurred
outside that region. The mainshock likely took place within a large, poorly de-

fined asperity along a plate boundary characterized by slow long-term motion.

3.10. Earthquake off the Eastern Shumagin Islands, Alaska in
2020,Mw 7.8

Forerunning activity to the Shumagin Islands mainshock (Figure S13) was
mainly distributed either southwest or about 80 km to the northeast of both the
centroid of the mainshock and the estimated zone of slip larger than 1.2 m. The
computed slip zone (Figure S13 and Figure S14) was relatively small. Rupture
in the mainshock (small blue circle in Figure S14) initiated about 50 km ENE of

the centroid.
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Figure S12. Forerunning activity from 1976 until mainshock off west coast of Hokkaido, Japan of 1993 (large

blue circle).
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Figure S13. Forerunning events of Mw > 5.0 from 2000 until Shumagin Islands earthquake of July 22, 2020. Large

blue circle denotes mainshock. Aftershocks shown through 20 October 2020. Black oval denotes estimated zone of
slip greater than 1.2 m during July mainshock from [17].
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Figure S14. Aftershocks through 19 Oct 2020 for the Shumagin Islands earthquake of July 22, 2020 of
short-period magnitudes greater than 4.5 as determined by the U.S. Geological Survey. Large blue circle denotes
centroid of mainshock. Red circles denote short-period locations of mainshock of 1917 (largest circle) and its af-
tershocks from [14]. Purple indicates mainshock of Mw 7.5 of October 19, 2020 and three days of aftershock ac-
tivity. Slip contour same as in previous figure.
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Aftershocks of Mw = 5.0 as of October 2020 were few. Figure S14 shows epi-
centers of aftershocks for short-period magnitudes greater than 4.5. Most occurred
on three sides of the centroid and none to the south closer to the deepest part of
the Aleutian trench. The main event did not generate a significant tsunami.

The 2020 shock may be a repeat of the Mw 7.5 earthquake of 1917. The
short-period location of the 1917 mainshock and four aftershocks as relocated by
[14] form a band encircling the 2020 centroid (Figure S14). A mainly strike-slip
event of Mw 7.6 broke to the south of the computed rupture zone and centroid
of the July mainshock on 19 October 2020.

In summary, the centroid of the 2020 Shumagin earthquake occurred in a
relatively quiet zone surrounded by some forerunning activity and aftershocks.
The zone of estimated slip larger than 1.2 m coincides with the quiet zone. It de-
fines an asperity with dimensions of about 40 by 50 km. Approximately the same
zone broke in 1917 but in a smaller mainshock. The section of the plate boun-
dary to the northeast last broke in 1938 in a great thrust earthquake of Mw 8.1
[15]. The adjacent plate boundary to the southwest appears to be poorly coupled
[16] and did not rupture in July 2020.

3.11. Flores Indonesia Earthquake of 1992, Mw 7.7

The earthquake of 1992 occurred along the Lesser Sunda region of Indonesia near
the north side of Flores island (Figure S15). It is one of the smallest mainshocks stu-
died. Its mechanism involved thrust faulting with a southerly dip, like events just to
its west in Figure S1. In those two areas Australia has converged with Indonesia with
much plate motion now occurring on the north side of the former north-dipping
subduction zone. More than 3000 lives were lost in the destructive earthquake and
its large tsunami [18]. The tectonics are described in greater detail in [18].

The zones of high computed slip were devoid of forerunning activity in Fig-
ure S15 as well as aftershocks (not shown). The two largest are interpreted as
major asperities.

In summary, the zones of high computed slip were devoid of forerunning ac-
tivity. They are interpreted as major asperities. Forerunning thrust and strike-slip

activity occurred on four sides of those asperities.

3.12. Nepal Earthquake of 2015, Mw 7.9

The Nepal shock of 2015 occurred along a continental convergence plate boun-
dary, not a subduction zone. It is included here because of the similarity of its
thrust mechanism to those at subduction zones. Not enough forerunning activity
took place (Figure S16), however, for it to be compared with details of the
computed slip in the mainshock.

3.13. Haida Gwaii (Queen Charlotte), Canada Thrust Earthquake
of 2012, Mw 7.8

The 2012 mainshock was unusual in that it was a great thrust event just to the
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Figure S15. Flores Indonesian mainshock of 1992, Mw 7.7 (large blue circle). Solid and dashed contours denote
computed slip greater than 10 and 4 m from [18].
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centroid of mainshock.
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Latitude, N

west of the Queen Charlotte strike-slip fault. That plate boundary is largely a
transform fault but one with a smaller thrust component. Only one thrust fore-
shock (Figure S17) occurred between 1976 and the mainshock. All but one of
the aftershocks shown involved normal faulting. Lay et a/ [19] found that slip in
the mainshock (not shown) was concentrated largely between the coastline and
the normal-fault aftershocks within the hard-rock of the upper plate beneath a
young sedimentary basin.

In summary, the mainshock is not explored further since the number of fo-
rerunning earthquakes was so small. It was an unusual thrust earthquake that
occurred adjacent to the main strike-slip fault of the plate boundary that last

ruptured in a great strike-slip mainshock in 1949.
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Figure S17. Forerunning and aftershock activity to the Haida Gwaii (Queen Charlotte) earthquake
of 2012. Large blue circle denotes centroid of mainshock.
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