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ABSTRACT

Tsunamigenic earthquakes have been known for their near and far field catastrophic impacts on
coastal areas near oceanic ridges and trenches, as well as near tectonic faults in closed and semi-
enclosed seas. Not all regions of oceanic ridges and trenches are tsunamigenic earthquake zones, but
knowledge of the weighted sum of released earthquake energy and of the Gutenberg-Richter relation
of the ‘a’ and ‘b’ parameters are needed to better identify them as to their potential for tsunami
generation. The present analysis was undertaken in order to better identify tsunamigenic zones near
oceanic ridges and trenches in the Mid-Atlantic, in the Pacific, in Chile, in Japan, near the Aleutians
and along the Peru-Chile trench. The weighted sum of earthquake energy released and of the
Gutenberg-Richter relation parameters were evaluated to identify tsunamigenic earthquake zones
along these locations. The present analysis of the Gutenberg-Richter relation of the ‘a’ and ‘b’
parameters indicates that tsunamigenic earthquakes do not occur frequently along the Aleutian
Trench, although the historic record supports that destructive tsunamis have occurred along this
region in the past. Of the oceanic ridges, the results of the present analysis indicate that the Mid-
Atlantic Ridge is the most active tsunamigenic zone, while of all the oceanic trenches, the Japan
Trench is the most active.
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1. INTRODUCTION

Large earthquakes of relatively shallow focal depth near oceanic ridges and trenches can generate
destructive tsunamis (Adagunodo and Sunmonu, 2015). The term tsunamigenic earthquake was
introduced by Kanamori (Kanamori, 1972) for events associated with such destructive waves. Some
of the better known historical tsunamigenic earthquakes are the 1994 Java earthquake (Bryant, 2008),
the 1996 Chimbote earthquake (Polet, 2000), the 2006 Pangandaran earthquake and tsunami (Ammon
et al., 2006), and the 1570 to 2015 tsunamis/earthquakes in Chile (Adagunodo et al., 2018a).
Tsunamigenic earthquakes occur frequently but extremely destructive events for certain areas may
occur as long apart as every 800 years (Pararas-Carayannis, 2011; Adagunodo et al. 2018a). These
kinds of earthquakes are those that usually exceed 7.5 Richter magnitudes.

Most disastrous tsunamis are generated by shallow, great earthquakes near tectonic subduction zones
(Figure 1). More than 80% of the world's tsunamis occur along subduction zones in the perimeter in
the Pacific, often referred to as the “Ring of Fire”. Tsunamis were particularly catastrophic impacts in
certain areas in the world. For example, the tsunami generated by the 27 March 1964 Alaska
earthquake, damaged heavily communities along the Gulf of Alaska, Kodiak Island and Prince
William Sound area as well as in the Bay of Valdez - killing 107 people (Pararas-Carayannis, 1967).
On 17 July 1998, four villages on Papua - New Guinea’s north coast were almost entirely swept away
by tsunami waves. The 1896 Sanriku (Japan) earthquake generated a 35 meter high tsunami that
washed away 10,000 homes and killed 26,000 people. The 1964 Alaska earthquake created a 7 meter
high tsunami that struck a power station, plunging in darkness the city of Hilo on the island of Hawaii.
In addition, Adagunodo et al. (2018a) reported that tsunamis and earthquakes within recorded history
have rendered about 1.8 million people homeless.
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Figure 1: Generation of tsunamigenic earthquakes at subduction zone.
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A standard method in providing early warnings for tsunami is based on data that identifies an
earthquake as potentially tsunamigenic and is able to predict the possible size and destructiveness of
the waves (Tsuboi, 2000). In the present study, the weighted sum of earthquake energy released and
the frequency-magnitude distribution of the earthquakes were used to identify the tsunamigenic
earthquake zones in three oceanic ridges (Chile Ridge, Mid-Atlantic Ridge and Pacific Ridge) and
three trenches (Aleutian Trench, Japan Trench and Peru-Chile Trench) respectively. Identification of
earthquake occurrences in such regions facilitates the issuance of tsunami warnings (Adagunodo and
Sunmonu, 2015). Analyses of seismically active zones have been reported by some researchers
(Hammed et al.,, 2013; Awoyera et al., 2016; Awoyemi et al., 2017; Awoyera et al., 2017;
Adagunodo et al., 2018b; and Hammed et al., 2018).

2. DATA ACQUISITION, DESCRIPTION AND METHOD

The data used for this study were obtained from the earthquake catalogue of the Advance National
Seismic System (ANSS) hosted by the Northern California Earthquake Data Centre U.S.A in a
readable format. The data comprised of earthquakes occurring along the mid-ocean ridges and
trenches with magnitudes of 2.0 <M < 9.0 from January 1, 1978 to December 31, 2017 (40-year data
period). The data for each earthquake gave the date and time of occurrence, the latitude and longitude
of the epicenter, the depth, the magnitude designation, and source codes and event identification.
Using “Compicat” software - an earthquake catalog processing software - the data were sorted out,
filtered and analyzed in order to remove errors due to data duplication and mixing. The oceanic ridges
that were studied are shown on the seismicity map in Figure 2, specifically: a) The Chile Ridge from
latitude 48° to 36°S and longitude 110° to 75°W; b) The Mid Atlantic Ridge from latitude 50°S to
20°N and longitude 45° to 10°W; and c) The Pacific Ridge from latitude 68° to 58°S and longitude
120° to 18°W.

The oceanic trenches that were studied are also shown in Figure 2. Specifically examined were a) the
Aleutian Trench from latitude 51° to 53°N and longitude 160° to 176°W; b) The Japan Trench from
latitude 40° to 53°N and longitude 148° to 165°E; and c) The Peru - Chile Trench from latitude 15°S
to 30°N and longitude 75° to 64°E. The parameters that were evaluated were the weighted sum of
earthquake energy released and the frequency-magnitude distribution of the earthquakes.
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Figure 2: Map of the global seismicity (1975 — 2010) color-coded by depth

2.1 Method
2.1.1 Evaluation of Weighted Sum of Earthquake Energy Released

In order to study the seismic pattern or hazard of a region, there is a need to investigate the earthquake
energy released in the earthquake prone regions to mitigate the future occurrence of earthquakes
(Amiri et al., 2008; Ghosh, 2007). The earthquake energy released in oceanic ridges and trenches

were plotted against the coordinates of epicenters of the earthquakes in order to understand the
seismic activity of the regions (Figures 3 and 4).
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2.1.2 Evaluation of Frequency-Magnitude Distribution (FMD) of the Earthquakes

The Frequency-Magnitude Distribution (FMD) - also known as the Gutenberg-Richter relation
proposed by Charles Francis Richter and Beno Gutenberg (Richter and Gutenberg, 1944) -is
commonly used in the modeling of earthquake hazard, mostly related to the earthquake precursors and
probabilistic seismic hazard assessments (Nuannin, 2006; Damanik et al. 2010). The FMD describes
the number of earthquakes occurring in a given region as a function of their magnitude M as:

LogN = a — bM 1)

where N is the cumulative number of earthquakes with magnitudes equal to or greater than M, and
“a“ and “b” are real constants with values which vary in space and time. The parameter “a”
characterizes the general level of seismicity in a given area during the study period i.e. the higher the
a-value, the higher the seismicity. The parameter “6” commonly called the b-value has been widely
used in the study of seismicity, tectonics, seismic risk estimation and earthquakes prediction. The b-
value indicates the tectonic character of a region and assumed to depend on the accumulated stress in
that region (Nuannin, 2006). Schorlemmer et al. (2004) described b-value as a stress meter, depending
inversely on the differential stress.

For the present work, the FMD of the earthquakes along oceanic ridges and trenches were evaluated
by plotting the logarithm of the cumulative number of the earthquakes as a function of their
magnitudes. These plots were then fitted with straight lines that best fit the plots (Adagunodo et al.
2018b). The straight lines represent the Gutenberg — Richter equation as shown in Equation 1. The
overall “a” and “b” values of earthquakes in each study region were obtained as an intercept and a
slope of the line of best fit, respectively.

3.0 RESULTS AND DISCUSSION
3.1 Analysis of Weighted sum of Earthquake Energy along Oceanic Ridges

The distribution of weighted sum of earthquake energy released in the Mid Atlantic Ridge as shown
in Figure 3a revealed that the earthquake energy released in the ridge is predominantly concentrated in
both the southeastern and northeastern part of the ridge. However, the large earthquake energy is
prevalent in the northeastern part of the ridge as shown in Figures 3b and 3c. These figures obviously
revealed the image of earthquake energy distribution along the epicenter coordinates. The earthquake
energy is sparsely concentrated in the southwestern region of the ridge. The extremely large energy in
the eastern part of the ridge is an indication that the region is prone to continuous accumulation of
oceanic lithospheric plate stress which can generate large earthquakes. A large earthquake within the
oceanic ridge can generate a tsunami. The cluster of large earthquake energy in the northeastern part
of the ridge is an indication that the region is an earthquake zone that has the potential of generating
tsunamis. In the Pacific Ridge, the spatial distribution of earthquake energy released along the ridge is
shown in Figure 3d. The latitudinal and longitudinal coordinates of the energy distribution were
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also investigated (Figures 3e and f). The weighted sum of earthquake energy is predominantly
distributed towards the northern part of the ridge and sparsely distributed towards the southern part of
the region as shown in Figures 3d-f. The upper part of the ridge can be regarded as an earthquake
prone zone. The spatial distribution of earthquake energy along the ridge reveals a prominent large
weighted sum of earthquake energy. Thus, this ridge can also be categorized as being an earthquake
zone that can generate tsunamis.
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Figure 3: Spatial distribution maps of weighted sum of earthquake energy released. (a) Mid-Atlantic
Ridge. (b) Latitudinal coordinate epicenter in Mid Atlantic Ridge. (c) Longitudinal coordinate
epicenter in Mid Atlantic Ridge. (d) Pacific Ridge. (e) Latitudinal coordinate epicenter in Pacific
Ridge. (f) Longitudinal coordinate epicenter in Pacific Ridge. (g) Chile Ridge. (h) Latitudinal
coordinate epicenter in Chile Ridge. (i) Longitudinal coordinate epicenter in Chile Ridge.
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The spatial distribution of earthquake energy in the Chile Ridge, as illustrated in Figure 3g, shows that
the earthquake energy is evenly distributed across the entire length. The study of both latitudinal and
longitudinal coordinates of earthquake epicenters indicates that earthquake energy released on the
ridge is evenly distributed (Figures 3h and i). Large earthquake energy seems to be present in the
entire region. Therefore, the earthquake energy distribution along the Chile Ridge, indicates that it is a
seismically very active earthquake zone that can generate destructive tsunamis.
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Figure 4: Spatial distribution maps of weighted sum of earthquake energy released. (a) Japan Trench.
(b) Latitudinal coordinate epicenter in Japan Trench. (c) Longitudinal coordinate epicenter in Japan
Trench. (d) Aleutian Trench. (e) Latitudinal coordinate epicenter in Aleutian Trench. (f) Longitudinal
coordinate epicenter in Aleutian Trench. (g) Peru-Chile Trench. (h) Latitudinal coordinate epicenter in
Peru-Chile Trench. (i) Longitudinal coordinate epicenter in Peru-Chile Trench.
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3.2 Analysis of the weighted sum of Earthquake Energy along Oceanic Trenches

Figure 4a shows the 2-dimensional image of the weighted sum of earthquake energy along the Japan
Trench. The earthquake energy released in this zone is heavily distributed in the northwestern and
southwestern regions of the trench, but sparsely distributed in other parts of the trench. Figures 4b and
4c also reveal the image of the energy distribution along the coordinates of the epicenter that
corroborates the 2-dimensional image of Figure 4a. Heavy distribution of energy along the Japan
Trench indicates large accumulation of stress along this zone. The consequential effect of this can
generate tsunamigenic earthquakes within the oceanic floor.

The Aleutian Trench cannot be regarded as tsunamigenic zone based on the fact that the spatial
distribution of the weighted sum of earthquake energy in this subduction zone is sparsely concentrated
in all the regions of the trench (Figure 4d). Large earthquake energy is seldom released in this trench.
In the latitudinal and longitudinal coordinates, only minute portions of the trench experience large
earthquake energy as shown in Figures 4e and 4f. The weighted sum of this energy can be regarded as
‘negligible’ based on its spatial distribution. This implies that this trench can be regarded as a fairly
stable region with low seismicity.

Figure 4g, indicates that the earthquake energy distribution along the Peru-Chile Trench only
dominates its northeastern part and sparsely the other parts of the trench. Figures 4h and 4i illustrate
that the weighted sum of energy released in the trench is very large in the eastern and northern part.
This analysis implies that the Peru-Chile Trench can be regarded as tsunamigenic earthquake zone.

3.3 Interpretation of Gutenberg — Richter relation constants in oceanic ridges and
Trenches

The frequency magnitude distribution showing “a” and “b” values for the Mid-Atlantic, the Pacific
and the Chile Ridges as well as for the Japan, the Peru-Chile, and the Aleutian Trenches (Figures 5a—
f) show the Gutenberg — Richter relation parameters (a and b values) in the oceanic ridges and
trenches. The “a” and “b " are real constants with values which vary in space and time. Parameter “a”
characterizes the general level of seismicity in a given area during the study period - the higher the a
value, the higher the seismicity. The parameter “b” commonly called the b-value has been widely
used in the study of seismicity, tectonics, seismic risk estimation and earthquakes prediction. The b-
value indicates the tectonic character of a region and assumed to depend on the accumulated stress in
that region (Nuannin, 2006). Schorlemmer et al. (2004) described b-value as a stress meter, depending
inversely on the differential stress. Therefore, the lower the “b” value, the higher is the tectonic stress
in the region (Adagunodo et al. 2018a; b).
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3.4 Interpretation of Gutenberg — Richter “a” value

In the ridges and trenches, the a-value that was obtained is far greater than one. This signifies that
there is an increase in the occurrences earthquakes in ridges and trenches. The earthquakes recorded in
Mid-Atlantic Ridge outnumbered those recorded in along the Pacific and Chile Ridges respectively.
This implies that numerous significant tsunamigenic earthquakes had been occurring in all these
ridges but more predominantly in the Mid—Atlantic Ridge. Furthermore, the earthquakes recorded
along the Japan Trench outnumbered those recorded along the Aleutian and Peru-Chile Trenches,
respectively. This implies that numerous significant tsunamigenic earthquakes had been occurring
along all these trenches as well, but more prevalent in the Japan Trench. In comparison, the
earthquake events in Trenches outnumbered that of Ridges. Thus, trenches are more prone to
earthquakes than the ridges. Computation of a-values from the six study locations is presented in
Table 1.
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3.5 Interpretation of Gutenberg —Richter “b” value

The low b-values (b << 1) obtained in the ridges and trenches reveal that the rate of tectonic stress
accumulation is very high, an indication of increase in the rate of divergence and convergence of
lithospheric plates, along the ridges and trenches respectively. The high rate of divergence of tectonic
plates in the ridges and convergence in the trenches implies that the lithospheric plates are becoming
more unstable and tectonic stress accumulation is increasing in both the ridges and trenches.
Therefore, these regions can be regarded as seismogenic zones. Computation of b-values from the
investigated ridges and trenches are shown in Table 1.

Table 1: Distribution of a- and b-values in the oceanic ridges and trenches (1978-2017)

Location a-value b-value
Mid-Atlantic Ridge 7.483 0.879
Pacific Ridge 7.219 0.855
Chile Ridge 7.299 0.941
Japan Trench 7.720 0.867
Aleutian Trench 7.183 0.840
Peru-Chile Trench 7.612 0.911

3.6 Temporal variation of b-value along the ridges and trenches

Temporal variation of “b” values along the oceanic ridges and trenches as shown in Figures 6a and b
revealed that earthquakes of large magnitudes occurred in intervals of low b-values. A significant
drop in b-value indicates an increase in the stress level. The b-value mapping is therefore a useful tool
to display variation of stress accumulation over large areas (Awoyemi et al., 2017). In Figures 6a and
b, a V-shape curve is experienced as the b-values drop with respect to time, which corresponds to
large earthquakes (> M6). A rapid decrease in b-value with time was observed prior to the occurrence
of large earthquakes, and rapid increase in b-value was also observed after the occurrence of large
earthquakes. Therefore, this anomalous variation of b-value with time may be considered as a
precursor for earthquake prediction in the ridges and trenches. In Figure 6a, the low temporal b-values
are associated with earthquakes along the Mid — Atlantic, the Pacific and the Chile Ridges. This is an
indication of increase in tectonic stress level in the oceanic ridges. The lowest “b” value was observed
for the Mid — Atlantic Ridge. The b-value associated with the earthquakes the Pacific Ridge is lower
than that of the Chile Ridge. Based on this, the Mid — Atlantic Ridge can be regarded as the most
tsunamigenic earthquake zone of all three ridges. In the same vein, Figure 6b revealed low temporal
b-values in the investigated trenches. The estimations of b-value from the three investigated trenches
are in the order: Japan Trench < Peru-Chile Trench < Aleutian Trench. Therefore, Japan Trench can
be regarded as the most tsunamigenic earthquake zone of all these trenches.
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4.0 CONCLUSIONS

The cluster of large earthquake energy in the northeastern part of the Mid-Atlantic ridge and the
northern part of the Pacific Ridge is an indication that the region has high potential for the generation
of tsunamis. The spatial distribution of earthquake energy in the Chile Ridge indicates that the
earthquake energy released is evenly distributed across the ridge. However, the Chile Ridge can also
be regarded as being a region of high tsunamicity. The earthquake energy released in the Japan
Trench is heavily distributed in its northwestern and southwestern of the trench and sparsely
distributed along the other parts of the trench. The earthquake energy distribution along the Peru-
Chile Trench appears to be only concentrated along the northeastern part of the trench and sparsely
distributed along its other parts of the trench. This implies that earthquakes along the Japan and Peru-
Chile trenches can be regarded as having a high potential to generate tsunamis with greater frequency,
while tsunamigenic earthquakes along the Aleutian Trench are less frequent - cannot be regarded as
such based on the fact that the spatial distribution of the weighted sum of earthquake energy in this
subduction zone is sparsely distributed in all the regions of the trench. Only the Aleutian Trench can
be regarded as fairly stable trench (with low seismicity) of all the trenches, because large earthquake
energy is only experienced in minute portions of the trench.

The b-values associated with the earthquake in the oceanic Ridges and Trenches were also
investigated in order to identify the tsunamigenic zones in the study locations. Low temporal b-values
are associated with earthquakes in Mid-Atlantic Ridge, Pacific Ridge and Chile Ridge, an indication
of increase in tectonic stress level in the oceanic ridges. Of all the oceanic ridges, the Mid-Atlantic
Ridge depicted the least b-value, while the Chile Ridge depicted the highest b-value. Based on this,
the Mid-Atlantic Ridge can be regarded as the most tsunamigenic earthquake zone of all the ridges.
From the oceanic trenches, the Japan Trench depicted the least b-value, while the Aleutian Trench
depicted the highest b-value. Therefore, the Japan Trench can be regarded as the most tsunamigenic
earthquake zone of all the trenches.
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