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In order to investigate the prospective areas of the upcoming strong
earthquakes, i.e., M,, 2 6, the seismicity data have been posed in the vicinity of Thailand-
Laos-Myanmar borders were investigated statistically. Based on the successful
investigation of previous work, two statistic techniques were applied in this study, i.e.,
seismicity rate change (Z value) and Region-Time-Length (RTL) algorithm. According to
the completeness of the earthquake data, the available 8 case studies of strong
earthquakes were investigated retrospectively. Regarding to the Z value, the condition of
time window = 1.2 years, the number of earthquakes = 50 events, and fixed node radius
= 250 km showed the locations of Z anomalies conformed to 5 of 8 earthquakes.
Meanwhile, using characteristic parameters r, = 120 km, t, = 2 years, the RTL anomalies
quite related to 5 of 8 earthquakes. Therefore, it is concluded that both Zand RTL methods
applied in this study are fairly effective to evaluate the earthquake precursor. In order to
evaluate the prospective area for the upcoming earthquake, both Z and RTL were
analyzed with the complement by the suitable characteristic parameters mentioned above
and the most up-to-date completeness seismicity data. The results reveal that the small
area in the vicinity of Thailand-Myanmar border are quiescence seismically conforming to
that proposed by the previous investigation of b value of the frequency-magnitude
distribution. Therefore, it is concluded that according to both Z, RTL, and b value methods

that the prospective areas proposed in this study might be posed by the upcoming
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CHAPTER |

INTRODUCTION

1.1 Background

Among the various natural disasters, earthquake is one of the most devastating
disasters. Based on United State Geological Survey (USGS, 2014), it is estimated that
there are 500,000 detectable earthquakes strike the earth’s surface each year. Around
100 of them can damage to the economy and made the massive loss of life, especially
earthquakes along the subduction zone. Severe earthquakes all over the world are
generally caused by plate tectonic activities, for example, the latest well known
earthquake is the great earthquake magnitude (M,) 9.0 occurred at 02:46:23 pm local
time (05:46:23 UTC) on March 11, 2011 off the coast of Tohoku, Japan, caused from thrust
faulting on the subduction zone plate boundary between the Pacific and North America
plates, produced devastating tsunami waves larger than any recorded in this area during
the past 1,000 years hit Japan’s coast. As of August 8, 2012, the World Bank casualties
reported 17,500 dead and 2,848 missing and 6,109 injured. The tsunami collapsed
130,000 buildings and severely damage 260,000 more, estimated economic damage
$210 billion US dollars that it is resulting the costliest natural disaster in the history of the
world (Federica and Mikio, 2014). Furthermore, the Great Hanshin earthquake (Kobe
earthquake) magnitude (M,) 6.8 occurred at 03:46 pm local time (20:46 UTC) on January
17, 1995, in the southern part of Hyogo Prefecture, Japan, realized the strike-slip fault
system can make the severe devastation as well. The Great Hanshin earthquake belonged
to an earthquake called “inland shallow earthquake”. The inland shallow earthquakes
usually occur along active faults. Even the lower magnitudes, they can lead to very
catastrophic if they occur near city areas and if they hypocenters are located less than
20 km below the surface. The Great Hanshin earthquake caused over 6,000 deaths and
approximately $100 billion in damage, 2.5% of Japan’s GDP at the time. Hence, these

events reminded us that the earthquake can be harmful to everywhere and every life.



Therefore, several methods were developed for reduce loss of life and diminish
property damage during an impending earthquake. According to previous research
works, seismologist divided the earthquake forecasting techniques in the long-term (10

years — 30 years) (Sykes, 1996), intermediate-term (months - 10 years) (Sykes, 1996), or

even short-term (days-month) (Shebalin et al., 2006) (Table 1.1.).

Table 1.1.  Different kinds of the earthquake forecasting (modified after Shebalin et al.

(2006) and Pailoplee (2009c).

Method

Examples

A. Long-term (years)

A1. Paleo-seismological study
A2. Historical study

A3. Seismic hazard analysis
A4. Global positioning system
B. Intermediate-term (months-year)
B1. b-value anomaly

B2. Fractal dimension

B3. Artificial neural network
B4. Coulomb stress failure

C. Short-term (days-month)
C1. Animal perception

C2. Cloud Precursor

C3. Ground water fluctuation

C4. Radon fluctuation

McCalpin (1996); Pailoplee et al. (2009a)
McCue (2004); Stirling and Petersen (2006)
Kramer (1996); Pailoplee et al. (2009b)
Yagi et al. (2001); Fu and Sun (2006)

Nuannin et al. (2005)

Maryanto and Mulyana (2008)
Bodri (2001); Alves (2006)

Du and Sykes (2001); Bufe (2006)

Kirschvink (2000)
Menshikov et al. (2012)
Oki and Hiraga (1988)

Zmazek et al. (2000)

Most techniques designed for approximation the time, location, or size of

earthquakes that may occur in the future. Among these techniques, seismicity rate

change (Z-value investigation) (Wyss and Habermann, 1988) and Region-Time-Length



algorithm (Sobolev and Tyupkin, 1997) are the success intermediate-term earthquake
forecasting for using investigate the anomalous of seismic activities before hazardous
earthquakes, i.e., Murru et al. (1999) used Z value to evaluate seismicity rate change
before the 1983 Nihonkai-Chubu Earthquake (M = 7.7), the result shown seismic
quiescence anomaly started 3.5 years before the main shock, Huang and Sobolev (2002)
applied RTL algorithm to evaluate precursory seismicity changes before the 2000 Nemuro
Peninsula earthquake (M = 6.8), the result shown seismic quiescence started 5 years
before the occurrence earthquake, etc. Therefore, using both methods for investigating
prior to earthquake may strengthen the understanding and provide useful information for
determining earthquake activities and hazards that might be pose in the future.

At present, it is recognized that the Northern and Western Thailand is one of the
seismotectonically active region. According to Polachan et al. (1991), Thailand is located
on the Eurasian plate whose boundary is noticeable by an active east-dipping subduction
zone enlarging from north India (Himalaya Frontal Thrust), passing to west Myanmar and
west of Andaman - Nicobar Islands, and swinging eastward to southward along the
Sumatra-Java trench The collision between Eurasian plate and Indo-Australian plate is the
cause of the high seismic activity along the Sumatra-Andaman Subduction Zone. In
addition, according to plate collision mentioned above, a number of inland seismogenic
faults are dominated particularly for the Eurasian intraplate where Thailand, Laos,
Myanmar including Southern China are located. Thus, various sizes of earthquakes
generate continuously in the vicinity of mentioned region, especially the Thailand-Laos-
Myanmar borders (Pailoplee et al., 2013). For example, the latest mentioned earthquake
in Thailand is the 2014 Mae Lao earthquake magnitude (M,) 6.0 occurred at 18:08:43
local time (11:08:43 UTC) on May 5, 2014, the epicenter was located in of Mae Lao District,
southwest of Chiang Rai, Thailand (Figure 1.1). It is harmful directly to Northern Thailand
people and killed one person and damage more than 1,400 buildings in Chiang Rai
province. However, not only local earthquakes can affect to Thailand, but also
earthquakes from the other seismic zones mentioned in the neighborhood countries are

also dangerous. As the effective radius of seismic waves corresponding to their



magnitude, the severe earthquakes with high magnitude around Thailand can lead the
ground shaking effect to the building in this country. This earthquake generating tsunami
driven from epicenter to 14 countries along the Indian Ocean region, caused over 230,000
deaths or missing and up to 5 million people lost homes, estimated economic damage
$10 billion US dollars. While the M -9.0 Sumatra-Andaman earthquake occurred, there
are many areas in Thailand reported the felt. The effective radius of the main shock

spanned more than 2,500 km around the epicenter (Figure 1.2).

USGS ShakeMap : THAILAND
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Figure 1.1.  Map showing location of the M, -6.2 (recalculated by GCMT) Mae Lao
Earthquake on May 5, 2014 epicenter (orange star) and the area over which
it was felt (yellow shaded area). Colored shades depict the maximum

observed European Macro-seismic Scale intensity (USGS, 2014).
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Figure 1.2.  Map of mainland Southeast Asia showing location of the M, -9.0 Sumatra-

Andaman earthquake on December 24, 2004 (red star) and the area over
which it was felt. Colored shades depict the maximum observed European

Macro-seismic Scale intensity (Martin, 2005).

Regarding to the seismic hazard, Thailand can suffering by earthquakes, the
example areas damaged by the M, -9.0 Sumatra-Andaman earthquake and tsunami on
December 24, 2004 and the M -6.0 Mae Lao earthquake on May 5, 2014 as shown in

Figure 1.3.
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Figure 1.3. a) A severely damaged Buddha statue in the Udomwaree temple, Chiang
Rai, Thailand, after the occurrence of the M -6.2 Mae Lao Earthquake on
May 5, 2014 (Chiangrai Times, 2014). b) The a large crack (over 50 meters
stretch) on the highway No. 118 around kilometer marker 141, between Mae
Lao and Mae Sruay districts, Thailand (Perawongmetha, 2014). ¢ and d)
Khao Lak beach before and after the M -9.0 Sumatra-Andaman earthquake
on December 24, 2004, respectively (Jarl, 2005).

Hence, it can mention that Thailand is surrounded by high activity seismic
sources, for example in Pailoplee and Choowong (2014), the great strike-slip Sagaing
fault of Central Myanmar (Bertrand and Rangin, 2003), a complex shear zone near the
Laos-southwestern China border (Socquet and Pubellier, 2005), the Andaman basin
(Cattin et al., 2009) and etc., (Figure. 1.4).

According to the reasons introduced above, this thesis focuses mainly on

applying Z value and RTL algorithm investigation for understanding the activities of an



earthquake and evaluating the hazard areas, which related to an impending earthquake

in Thailand.
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Figure 1. 4. Map of mainland Southeast Asia and the 13 designated seismic zones (A to
M). Red lines indicate the fault lines compiled by Pailoplee et al. (2009a).
Grey polygons represent the geometry of the individual seismic source

zones proposed by Pailoplee and Choowong (2014).



1.2 Study Area

This research work focuses mainly on applying Z value and RTL algorithm along the
Thailand-Laos-Myanmar borders region (16.76° — 22.30°N and 97.48° — 103.16°E)
because this area is one of the earthquake hazard area that contains major cities, famous
tourist attractions, hydropower dams, ancient architectures, and etc. Furthermore, as the
Central of Thailand located on soft clay zone, the seismic wave of earthquake along
Thailand-Laos-Myanmar borders can be amplified and affect to the buildings in the
Central of Thailand, especially Bangkok. These building surrounded by risk active faults.
Moreover, there are 8 strong earthquakes occurred in this area (Table 1.2 and Figure 1.5)
since 1982. Therefore, this is the reason why these areas are considered. However, for
completeness empirical calculation (Das et al.,, 2006) by both methods, this study
investigate over radius 300 km around the study area. Therefore, the boundary area where
the earthquake source spreads out to the latitude 13.77°N - 25.35°N and longitude 94.48°E
- 106.07°E (Figure 1.6).

Table 1. 2. List of earthquake with moment magnitude (M) 26.0 posed in the Thailand
Laos-Myanmar borders during 1982-2014.

Depth
No. Longitude Latitude Date Time Magnitude (M,,)
(km)
1 102.58 21.36 24/6/1983 09:07  49.0 6.9
2 99.62 21.79 23/4/1984 22:30 17.0 6.3
3 99.06 20.32  28/9/1989 21:52 15.0 6.2
4 99.22 21.89 11/7/1995 21:46  15.0 6.8
5 101.90 18.77 7/6/2000 21.48  33.0 6.5
6 100.89 20.52 16/5/2007 08:56 12.6 6.3
7 100.00 21.49 23/6/2007 08:17  16.1 6.1
8 100.02 20.62 24/3/2011  13:55  13.2 6.8

O

99.68 19.72 5/5/2014  11:08 12.0 6.2




Figure 1.5. Map of study area showing the earthquake with M, 2 6.0 (black stars)
distribution along Thailand-Laos-Myanmar borders during the period 1989
and 2014. The fault lines, hydro-power dams and major cities were shown

by thin red lines, black triangles and black squares, respectively.



Figure 1.6.
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Indian Ocean

Map of mainland Southeast Asia showing the area which the earthquake
sources were investigated (13.77° — 25.35°N and 94.48° — 106.07°E, outer
box with blue dash line) and the study area for illustrating seismic
quiescence patterns (16.76° — 22.30°N and 97.48° — 103.16°E, inner box with

red line).
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1.3 Objectives

The purposes of this study are;

1. To investigate the precursory seismicity preceding large earthquake in Thailand-Laos-
Myanmar border by using Seismicity Rate Change (Z-value investigation),

2. To investigate the precursory seismicity preceding large earthquake in Thailand-Laos-
Myanmar border by using Region-Time-Length (RTL) algorithm, and

3. To compare the results obtained from two techniques mentioned above and contribute
the hazard map showing the locations of prospective areas that the hazardous

earthquake generated in the future.



CHAPTER I

THEORY AND METHODOLOGY

Earthquakes worldwide are known to be related to tectonic activities both regional
and local scales. However, the mechanism of earthquakes is not clearly understood and
still controversy. While this question has yet to be decided, seismologists try to develop
several earthquake forecasting methods by deducing on the basis of geotectonics, field
investigation, and past historical earthquakes (Charusiri et al., 2007). Recently, the
development of process to analyze the earthquake hazard (e.g., earthquake network,
earthquake recording instrument, earthquake analyzing software and so on) were
developed rapidly. Then, there are many researches about seismology were reported in
the last decade. Among these researches, the statistical seismicity analysis is one of the
popular concepts using to evaluate and understand earthquake behavior in long-term,
intermediate-term, or short-term. Therefore, seismologists have created a number of new
methods for seismicity based earthquake forecasting. Most techniques designed for
approximation the time, location, or size of earthquakes that may occur in the future.

According to the past historical earthquake studies, earthquake forecasting
techniques can classify in the duration of long-term, short-term and intermediate-term.
However, after seismicity system improved in the last decade, the intermediate-term
earthquake forecasting was more popular than the others. Then, there are many
techniques created for forecasting an earthquake in the intermediate-term, divided into 2
models as physical process and smoothed process, i.e., Accelerating Moment Release
(AMR) (Ben-Zion and Lyakhovsky, 2002), Pattern Informatics (P/) index (Holliday et al.,
2006), Variation in b-value (Cao et al., 1996), Region-Time-Length (RTL) algorithm
(Sobolev and Tyupkin, 1997; 1999) The Load-Unload Response Ration (LURR) (Yin et al.,
1995), and so on (Table 2.1.) (Tiampo and Shcherbakov, 2012). Among those methods,
there are many researches confirmed that Seismicity Rate Change (Z value) (Bachmann,

2001; Chouliaras, 2009b; Katsumata, 2011a; Katsumata and Sakai, 2013; Maeda and
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Wiemer, 1999; Murru et al., 1999; Ozturk, 2013; Wiemer and Wyss, 1994; Wu et al., 2008;
Wu and Chiao, 2006; Wyss et al., 1999) and Region-Time-Length (RTL) algorithm (Chen
and Wu, 2006; Gambino et al., 2014; Gentili, 2010; Huang, 2004; 2005; Huang et al., 2001;
Jiang et al., 2004; Nagao et al., 2011; Rong and Li, 2007; Sobolev and Tyupkin, 1997;
1999) can investigate an earthquake precursor (Tables 2.2 and 2.3). For understanding
the concept of both techniques, the details about Seismicity Rate Change and RTL

algorithm are defined in topics 2.1 and 2.2.

Table 2.1.  List of the seismicity-based earthquake forecasting techniques: Ten years
of progress, modified after Tiampo and Shcherbakov (2012).
Method Examples

A. Physical process models

A1. Accelerating moment release (AMR)

A2. Characteristic earthquakes

A3. Variation in b-value

A4. The M8 family of algorithms

A5. Region-Time-Length (RTL) algorithm

AB. The Load-Unload Response Ration
(LURR)

A7. Pattern Informatics (P/) index

B. Smoothed seismicity models

B1. EEPAS

B2. Time-independent smoothed seismicity

B3. ETAS methodologies

B4. Relative Intensity (R/) method

B5. TripleS

B6. Non-Poissonian earthquake clustering

B7. Seismic earthquake potential models

Ben-Zion and Lyakhovsky (2002)
Schwartz et al. (1981)

Imoto et al. (1990); Cao et al. (1996)
Keilis-Borok and Kossobokov (1990)
Sobolev and Tyupkin (1997)

Yin et al. (1995)

Holliday et al. (2006)

Evison and Rhoades (1997)
Werner et al. (2010)

Ogata (1988)

Holliday et al. (2005)
Zechar and Jordan (2010)
Ebel et al. (2007)

Ward (2007)




14

Table 2.2. The example list of worldwide previous studies for investigating on the
phenomenon of precursory seismic quiescence before crustal main shocks
using Seismicity Rate Change (Z value). Q-Detection indicated the
estimated duration between the beginning of seismic quiescence and the
occurrence time of main shock.

Earthquake Year Magnitude Q-Detection References

Location (M) (year)

Southern 1992 7.5 4.00 Wiemer and Wyss (1994)
California (USA)
Nihonkai-Chubu 1983 7.7 > 3.50 Murru et al. (1999)
(Japan)
Chiba-toho-oki 1987 6.7 1.5+0.5 Maeda and Wiemer (1999)
(Japan)
Off-Sanriku 1989 7.1 25+1.0  Wyssetal (1999)
(Japan)
Kefalonia Island 1983 6.2 6.00 Chouliaras and Stavrakakis
(Greece) (2001)
Chi-Chi (Taiwan) 1999 7.6 0.75 Wu and Chiao (2006)
Cheng Kung 2003 6.8 1.10 Wu et al. (2008)
(Taiwan)
Peloponesus 2008 6.4 7.00 Chouliaras (2009a)
(Greece)
Bingdl (Turkey) 2009 6.4 5.73 Oztiirk and Bayrak (2009)
Coast of Tohoku 2011 9.0 23.40 Katsumata (2011b)
(Japan)
Elazig region 2010 6.0 5.00 Oztiirk and Bayrak (2012)
(Turkey)
Ibaraki-oki (Japan) 2008 7.0 2.40 Katsumata and Sakai (2013)
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Table 2.3.  The exampile list of worldwide previous and ongoing studies for investigating
on the phenomenon of precursory seismic quiescence before crustal main
shocks using RTL algorithm. Q-Detection indicated the estimated duration

between the beginning of seismic quiescence and the occurrence time of

main shock.
Earthquake Year Magnitude Q-Detection References
Location (M,) (year)
Kamchatka region 1992 7.1 1.00-2.50  Sobolev and Tyupkin (1997)
(Russia) 1993 7.4 and Sobolev and Tyupkin
1993 7 (1999)

Reggio Emilia 1996 4.8 4.00 Giovambattista and Tyupkin
(Russia) (2009)
Kobe (Japan) 1995 7.2 1.20 Huang et al. (2001)
Nemuro Peninsula 2000 6.8 5.00 Huang and Sobolev (2002)
(Japan)
lzmit (Turkey) 1995 7.4 4.00 Huang (2004)
Totori (Japan) 2000 7.3 1.50 Huang (2005)
Chi-Chi (Taiwan) 1999 7.6 2.00 Chen and Wu (2006)
Umbria-Marche 1997 6 2.40 Mignan and Giovambattista
(Italy) (2008)
Iwate (Japan) 2008 7.2 1.00 Nagao et al. (2011)
Aeolian 2010 4.8 1.25 Gambino et al. (2014)

Archipelago (ltaly)

Remark: Even though Z-value investigation and RTL algorithm can use for investigating
seismic quiescence and seismic activation before the main shock of earthquake, there
are few studies about seismic activation at present. Therefore, this study focus to

investigate seismic quiescence stage mainly.



2.1 Seismicity Rate Change (Z value)
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A gridding technique (ZMAP, Wiemer and Wyss (1994)) is designed to investigate

or monitor the spatiotemporal changes in seismicity quantitatively prior to large

earthquakes, using statistical factors based on the hypothesis that the significant

reduction of seismicity from the background rate (seismic quiescence) restricted to a main

shock (possibly its vicinity) in the intermediate-term (months to years). For simplification

shortly, the illustrations explain about seismic quiescence are Figure 2.1 and Figure 2.2.
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Figure 2.1.  Showing a) uniform seismicity rate and b) cumulative number plotted

against time (Bachmann, 2001).
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Figure 2.2. Showing a) seismicity rate with quiescence stage and b) cumulative number

with quiescence stage plotted versus time (Bachmann, 2001).
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During the uniform seismicity rate (Figure 2.1a), the cumulative number curve
shows a straight line (Figure 2.1b). However, while the seismicity rate during time 40 and
60 do not occur (Figure 2.2a), the cumulative number curve indicates a flat part during
time 40 and 60 (Figure 2.2b). The absence of seismicity rate in Figure 2.2a and the
flattening in the cumulative number curve in Figure 2.2b are ways of how seismic
quiescence stage can be detected (Bachmann, 2001). For summary this technique
briefly, the study area is separated by a suitable grid spacing. In each grid node, a circle
is drawn with the node radius (r) spanned until it can select a total number of earthquake
events (n), the resolution depending on the value of earthquake events. The grid spacing,
radius and total number of earthquakes are variable and inversely related to the local
seismicity pattern because rand nis kept constant to allow statistical comparisons. Thus,
the cumulative number of earthquakes is plotted versus time period at each grid node,
starting at a time t, and ending at a time t,. A time window is then placed, starting at T
and ending at T3 + T,, where t,< T, < T, + T, <t For each node radius, the Z value is
computed, using the function LTA (Long Term Average) defined by Wiemer and Wyss
(1994) (Figure 2.3), and the Z value that we can defined as equations (2.1) — (2.5).

Z (X, y,t) = (Ryg = Ru) [(Spg / Npg) + (S /1) (2.1)
Ts—1 to
Rog = (2 fi+ D )T 1) ~to) +(te = (Ts +Ty,))] (2.2)
i=ty i=Tg+Tw
Ts+Tw
Rog = ( 2 i) I(Ts +Ty) = Ts) +1] (2.3)
i=Ts

Ts-1 Lo
Sog =[5 (5 ~Ryg)? + (6 —Rog) 2 VI((Ts =D —to) + (te — (T + Ty D] (29

| :to i :TS +TW

TS +TW

SW = _Z(ri - Rbg)z]/[(Ts +TW)_TS)+1] (2.5)

1 =TS
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Figure 2.3. Showing temporal diagram clarification of how to calculate Z value. In each
grid nodes, the Z value are computed for all times T, between f,and t, to T,
and is statistically suitable for analyze seismicity rate change in a time window
(T,) in difference with background seismicity. T, is the length of the time

window in year and T, is the “current time” (t, < T, < t.) (Ozturk, 2013).

Where Z(x, y, t) is the value of Z at the node location (x, y) is the interest time, Ry is the
background of seismicity rate in overall period including T, (t, - t.), R, is the mean of
seismicity rate in the considered time window (T, - 7+ T ), S, and S, are the standard
deviations of R,, and R, respectively, n,, and n, are the corresponding numbers of
samples. A positive Z value represents that the seismicity rate is lower than the
background rate. A decrease of the seismic rate indicates that seismic quiescence
occurred in the interest area (Katsumata, 2011a).

An example procedure about the temporal of ZMAP computation is as follows;
first, the events of earthquakes are collected within a time window called a bin with a
period of 14 days (following as previous works). The period of seismicity catalogue is
3,653 days during 1 Jan 2000 and 31 December 2009. Consequently, the number of bins
is 3,653/14~261. Assuming that the i" bin includes r.(i=1to 261) events, T is setfor5
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years from the 120" to the 180" bin. R,, and R,, are the calculated in equations (2.6) —

(2.9).

119 261

Ryg = Q1 + D 1) /(199+81) (2.6)
i=1 i=181
180
Ry =(D_r)/(61) (2.7)
i=120
119 ’ 261 ’
Spg =D (ri =Ryg)* + D =Ry, )*1/(119+81) (2.8)
i=1 i=181
180 5
Sw=[D.(ri— Ryg) 1/61 (2.9)
i=120

Then, the Z-value is calculated from equation (2.1) using R, R,, S,,» S, N,y = 200 @nd n,,
= 61. For generating hazard map, a sketch of ZMAP calculation is given in Figure 2.4.
Regarding to Figure 2.4, at first, the study area is gridded spacing (blue dashed
line) (Figure 2.4a), Secondly, in each grid node (red point), the minimum number of
collected earthquake events (n, orange points) are determined depending on the density
of earthquake events in the study area, the more collecting number of earthquake events,
the more collecting radius. Then, the closest earthquake events (black dashed arrow) that
there have occurred in set time window (T7,) are collected until it includes a total of
epicenters n (Figure 2.4b). Next, in each time window, all nodes are calculated using Z-
value equation by Wiemer and Wyss (1994) (Figure 2.4c). Finally, the ZMAP were
generated after estimating seismicity rate change in the study area, the positive Z
indicates seismic quiescence and the negative Z indicates seismic activation, the

anomaly (red shaded) zone implies the area that its trend to have an impending

earthquake (Figure 2.4d).
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Figure 2.4.

The illustrations showing the methodology for spatial investigation of Z
values. a) The study area is gridded with the equal spacing (blue dashed
line). b) Using Z parameter to determine T, and n, the closest earthquake
events (black dashed arrow) that there have occurred in the set time window
(T,) are collected until it includes a total of epicenters n. c) Calculate the Z
value by using Zequation. d) Positive Z value indicates seismic quiescence

(red shade).
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2.2 Region-Time-Length Algorithm

According to Huang (2004), Region-Time-Length (RTL) algorithm is another useful
gridding technique developed recently to analyze the precursory seismicity pattern
changes, i.e., seismic quiescence and seismic activation stages, before the occurrence
of the main shock. This statistic method was initially tested at Kamchatka, Russia. The
results found that the major earthquakes with M 2 7.0 in Kamchatka had been preceded
by a significant seismic quiescence stage started 1.5 — 3.5 years prior to the main shock
of a major earthquake. Moreover, after the end of seismic quiescence stage (lasted 1.0 —
2.5 years before events), seismic quiescence stage changes to be activation stage with
a duration varying from 0.5 —-1.5 years (Sobolev and Tyupkin, 1997; 1999). This success
is the beginning of the present-day RTL investigation.

The concept of RTL algorithm base on the seismo-acoustic experiments by
Sobolev (1995), the results indicated that the acoustic emission may rise as the loading
increases. However, the number of relatively weak signals tends to decrease after the
loading reaches the maximum, because small cracks are no longer generated due to the
partial reduction of stress. During the final stage before the main rupture, acoustic signal
activity increases again. In other word, acoustic emission can experience the stages of
quiescence and activation prior to the main rupture. After then, Sobolev and Tyupkin
(1997) suggested the RTL algorithm by using the basic hypothesis based on three
dimensionless parameters called R (interested region), T (time) and L (rupture length) that

we can define as equations (2.10) — (2.13).

R(x, y,z,t)={zn:exp(— rr_lj_ Ry (X, y,z,t)} (2.10)

T (X, y,z,t)={zn:exp(_tt—tij_Tbg(x, y,z,t)} (2.11)
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L(X,Y,2z,1) ={Zn:exp(— Ir_lj_ Ly (X, y,z,t)} (2.12)
Ver (%, Y, 2,0) =R(X, y,2,t) o T(2, Y, 2,t) « Z(X, Y, Z,1) (2.13)

Where (x, y, z, 1) specifies the focused location and time; r; is the range from the interested
location of (x, y, z) to the i earthquake’s epicenter; t is the incident time of the i"
earthquake, r, and t, are the characteristic distance and characteristic time-span of
interested region; /, is the rupture length of the i" considering earthquake, converted by
using the empirical relationship among magnitude and rupture length as defined in
equation (2.14), M is magnitude of earthquake and SRL indicate surface rupture length

(Wells and Coppersmith, 1994); RDQ(X, W, Zti=r:

Dg(x, y, z, t) and ng(x, y, z, t) are the

background values of R(x, y, z, 1), T(x, y, z, ) and L(x, y, z, 1), respectively; n is the

number of events with RTL parameters satisfying some criteria, e.g.,, M, 2 M _ (M. is the

min

magnitude of the /"

earthquake and M,_. is the cut-off magnitude assuring the
completeness of earthquake data), 2r,= R, 2rand2t, =T, 2t-tand V., (X, y, z, 1)

is the RTL function.

M =5.08+1.16 % log(SRL) (2.14)

Afterward, we bounded the variation range of the numerical values of RTL
functions in [-1, 1] before plotting the temporal RTL curves by using the normalized
equation as equation (2.15) (Jiang et al., 2004). The result of normalized RTL function can
insulate the earthquake behavior in the interested region that V,,, = 0 represented normal
earthquake activity, V., > 0 represented seismic activation and V., < 0 represented

seismic quiescence.

Rxy.zt) , Txyzt) | LXyz1) (2.15)
ROGY: Z) e TOGYZ0) e LG Y, Z08) e

VRTL (Xv Y, th) =
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Eventually, to quantify the seismic quiescence stage, we used Q(x, y, z, t,, t,)
function or Q-parameter developed by Huang (2004) for average the RTL values at the
position (x, y, z) during the interested time window [{,, t,]. The Q(x, y, z, t,, t,) function is

defined as equation (2.16).

QX Y, z,t,,t,) = {ivm(x, Y, z,ti)} (2.16)

Where ¢ is the focus time in the time window [{,, t,] V., (X, ¥, z, t) is the normalized RTL
values calculated as the product of the equation (2.15) applying to the earthquakes in
cylindrical volume, n is the minimum number of earthquake data for computing V.,
values. In this study, the Q-parameter at each grid node is computed at a bin (time step)
of 14 days available in [t,, t,]. For generating hazard map, a sketch of the RTL value
calculation is given in Figure 2.5.

According to Figure 2.5, at first, the study area is gridded with the equally spacing
(blue dashed line) (Figure 2.5a). Secondly, in each grid node (red point), the
characteristic distance r, and characteristic time span t, are determined depending on
the density of earthquake events in the study area. The area of the collecting seismicity
data is fixed by 2r, (red dash circle), the distance from selected grid node (x, y) to the
position of i" earthquake’s epicenter (r, black dashed arrow) that have occurred in the
) are collected

maximum of radius (R _, black arrow) and during the time window (T,

max’ max

altogether (Figure 2.5b). Then, in each time window, all nodes are calculated using the
RTL algorithm by (Sobolev and Tyupkin, 1997) (Figure 2.5c¢). Finally, the RTL map was
generated after normalizing RTL values all nodes, positive RTL indicates seismic
activation and negative RTL indicates seismic quiescence, the quiescence anomaly (red
shaded) zone implies the area that might be posed by the impending earthquake (Figure

2.5d).
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Figure 2.5. The illustrations showing the methodology of spatial investigation of the RTL
value, a) the study area is gridded with the equally spacing (blue dashed
line), b) using RTL parameter to determined 7, and R then, calculate RTL
value, c) Normalize RTL value by using V,, equation and d) negative

normalized RTL value indicates seismic quiescence (red shade).
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2.3 Literature Reviews
2.2.1 Z-value Investigation

Wu et al. (2008) applied ZMAP for investigation the variations in seismicity pattern
changes in the Taiwan region prior to the M -6.8 Chengkung earthquake, Taiwan, on
December 10, 2003 by computing the standard normal deviate of the Z values and b
values from the Gutenberg—Richter relation using the seismicity catalogue from the
Central Weather Bureau Seismic Network (CWBSN). The result detected the relation
between Z-values and b-values investigation, the high Z value areas corresponding to the
region of low b value (Figure 2.6). The anomalies of both methods surrounding the
Chengkung earthquake source region before the main shock occurred. Wu et al. (2008)
mentioned that the relatively low seismicity rate and the decrease in the b values may be
the precursory phenomena conform with the quiescence in overall seismicity and the
activation of moderate-sized events occurred around the epicenter area before the
Chengkung earthquake.

Chouliaras (2009b) applied ZMAP for identifying seismic quiescence and seismic
activation before the M-5.7 earthquake on December 13, 2008 (08:27:20 GMT), which
the main shock occurred near the city of Lamia in Central Greece. In this investigation,
Choliaras calculated ZMAP by using the earthquake catalogue from the National
Observatory of Athens-Institute of Geodynamics (NOA-IG) for the region 37.00° - 39.00°
N and 19.00° - 23.50°E during 1964 and 2008. After varying conditions, the results shows
the choice of using number of events (n) = 70, time window (T, = 4.5 years) and grid
spacing = 0.05° can detect the seismic quiescence started 8 years cover the epicenter

of impending main shock with a duration of almost 2.5 years (Figure 2.7).
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Figure 2.6.
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Spatial distribution before the 2003 M,-6.8 Chengkung earthquake
calculated by using a) ZMAP during 10 December 2002 — 9 December 2003
and, b and c) b value during December 10, 2002 — December 9, 2003, d) b
value during January 1, 1994 and December 9, 2003. Shaded areas
indicate the anomalies of both methods and the red star indicates the

epicenter of the Chengkung main shock (Wu et al., 2008).
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Figure 2.7. a) Map showing the resolution of the radius needed to collect n = 70

earthquake events. b) Cumulative number of earthquakes at the epicenter
area of the December 8, 2008 (blue) (Chouliaras, 2009a) and December 13,
2008 (red) main shocks. Red arrow is the quiescence stage started around
1997.8 and blue arrow denotes the quiescence stage started around 2001.03
corresponding to Figure 2.7c. Blue and red stars indicate the occurrence time
of the December 8, 2008 and December 13, 2008 main shocks, respectively.
c) Spatial distribution of ZMAP for investigating region based on the NOA-IG
earthquake catalogue during 1997.8 — 2003. By using Z parameters T, = 4.5
years, n = 70 events and grid spacing = 0.05°. Blue star represent the

epicenter of the December 13, 2008 main shock (Chouliaras, 2009b).
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Katsumata (2011b) investigated the seismicity rate change before the M-9.0
Tohoku earthquake on March 11, 2011 which occurred near the northeast coast of
Honshu, Japan. Katsumata used a seismicity catalogue by the Japan Meteorological
Agency (JMA), the catalogue includes 5,770 earthquake occurred between 1965 and
2010 shallower than 60 km with M 2 4.5 applied to ZMAP. By using a time window (T,,) of
15 years, an event of number (n) = 150 earthquakes, Ty is moved through time, in step of
0.08 years (~28 days), and grid spacing of 0.05". The results show that the 2011 Tohoku
earthquake is detected by a seismic quiescence anomaly started on November 1987
(23.4 years) before the main shock (Figure 2.8). Katsumata found the positive of Z value
is +4.9 and the anomaly apparent closely to the 2011 Tohoku earthquake epicenter. It is
indicated a seismic quiescence before the main shock is common to mega earthquake

(M ~ 9.0) in subduction zones.

1 T
140° 145

Figure 2.8. Time slices of Z-value distribution using the JMA non-declustered catalogue
during 1965 - 2010. The conditions for calculating ZMAP using a time
window T, = 15 years, the number of events (n) = 150 earthquakes and the
number of effective grids are 12815 in each time slices. A red color (positive
Z value) indicates a decrease in the seismicity rate. Circles labeled by M
and B show Miyagi and Boso quiescence region, respectively. A1 and A1
are nodes in the Miyagi quiescence region. A2 and A3 are nodes in the Boso
quiescence region. A4 is a node in the Sanriku-haruka-oki quiescence

region (Katsumata, 2011b).
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Furthermore, Katsumata (2011a) analyzed the seismicity rate changes before the
M,-8.3 Tokachi-oki earthquake on September 26, 2003, which the epicenter occurred
around the southeast offshore of Hokkaido, Japan. Based on 2,000 number of earthquake
data with M 2 3.3, recorded by the Institute of Seismology and Volcanology, Hokkaido
University during 1993 and 2003, the Z-value investigation by using the number of events
(n) = 100 events and the time window (T,) = 4 years indicated two neighborhood seismic
quiescence stages started around the beginning of 1999 (around 5 years before the main

rupture) (Figure 2.9).

I
5 4 3 2 4 0 1 2 3 4 5
Z-value

Figure 2.9. Time slices of Z-value distribution before the M, -8.3 Tokachi-oki earthquake.
A red shaded (positive Z value) and blue shaded (negative Z value)
represent the decrease and increase in the seismicity rate, respectively.
Blue star indicates the M, -8.3 Tokachi-oki earthquake epicenter

(Katsumata, 2011a).
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Regarding to the studies of Katsumata (2011a) and Katsumata (2011b), the
vicinity area of quiescence anomalies also risk to the upcoming earthquake. Therefore,
based on the previous studies introduced above, it can mention that the Z-value
investigation is one of the interesting methods, which can use for forecasting impending

earthquake.

2.2.2 RTL Algorithm

Based on applied RTL algorithm for investigation the variations in seismicity
pattern changes before the M-7.2 Kobe earthquake on January 17, 1995, which occurred
in the southern of Hyogo Prefecture, Japan. In this event, Huang et al. computed the
temporal variations and spatial distribution of the RTL parameters based on the seismicity
catalogue of JMA during 1977 and 1995 with a completeness magnitude M, 2 3.0. By
using characteristic parameters r, = 50 km and t, = 1 year, an obvious result of RTL
parameters at the epicenter of Kobe earthquake implied that a quiescence stage started
in 1993 and reached its minimum in May 1994, following by an activation stage that its
detected around seven months (Figure 2.10a). The anomaly area around main shock
location reached 300 km (Figure 2.10b). However, the anomalies have reasonable
correlation prior to the Kobe earthquake. Therefore, Huang et al. mentioned that the
seismicity pattern changes of the Kobe earthquake revealed by using RTL algorithm, this
may provide useful information for seismic hazard estimation.

Mignan and Giovambattista (2008) investigated the spatiotemporal extent of
seismic quiescence stage impending to the M, -6.0 Umbria-Marche earthquake on
September 26, 1997, which occurred in the regions of Umbria and Marche, Central Italy.
By applying the RTL algorithm based on the seismicity catalogue from the Instituto
Nazionale di Geofisica (ING) during 1986 and 1998 with a completeness magnitude M,
2 2.3. By using characteristic RTL parameters r, = 50 km, {, = 1 year. The results of

temporal variation indicate seismic quiescence stage start observed clearly in 1996.85
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and revealed around 0.5 year before the ending time at 1997.45. The quiescence stage
related to the cumulative number of earthquakes (Figure 2.11).

Furthermore, after comparing temporal variation of the RTL algorithm at the
epicenter of the Umbria-Marche main shock with spatiotemporal evolution and cumulative
number of background events. The comparisons give relative results while the

quiescence stage occurred (Figure 2.12).
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Figure 2.10. The results of a) temporal investigation of RTL values at the epicenter of the
Kobe earthquake main shock. b) Spatial distribution before the M-7.2 Kobe
earthquake, January 17, 1995. Map duration during June 1, 1994 and
December 31, 1995. Shades areas indicate quiescence anomaly and black

star indicates the epicenter of Kobe earthquake (Huang et al., 2001).
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Figure 2.12.

The comparison of a) the temporal variation of RTL algorithm at the M,-6.0
Umbria-Marche epicenter, A,q indicate the period of quiescence stage and
b) the cumulative number of background earthquakes along the space time
interval. Red shade indicate quiescence stage during 1996.85 and 1997.45

(Mignan and Giovambattista, 2008).
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Moreover, the retrospective investigation indicates the anomalous areas
corresponding to the M, -6.0 Umbria-Marche epicenter (Figure 2.13a), the cumulative
number of background events during quiescence stage showed in Figure 2.13b. The
results introduced above is a step forward in the understanding of seismicity precursory
prior to large earthquakes.

Gambino et al. (2014) used RTL algorithm for studying the seismicity pattern
changes corresponding to the M-4.8 Archipalego earthquake on August 16, 2010 (12.54
GMT), which occurred in Aeolian Archipelago, ltaly. After vary RTL parameters, the
temporal investigation of many conditions found seismic quiescence started around 15
months before the M-4.8 Archipalego earthquake and the quiescence stage revealed 6-
7 months (Figure 2.14a and Figure 2.14b). Then seismic quiescence stage ending 8-9
months before main shock, the similar time shift during the end of the quiescence stage
and the occurrence time of the earthquake was found by Sobolev and Tyupkin (1999),
Huang and Sobolev (2002), Gentili (2010), and etc. However, the spatial distribution of
RTL values still showed the epicenter of M-4.8 Archipalego earthquake occurred in the
negative RTL values area (Figure 2.14c). Hence, Gambino et al. recommended the RTL
algorithm can use for investigating precursory seismicity of moderate earthquakes as well.

According to the previous studies introduced above, it can mention that not only
Z-value investigation, but also the RTL algorithm is one of the potential methods, which

can use for investigating the seismicity precursor prior to the strong earthquake.



34

44

43

42

41

40

A cumulative number

cumulative number

80| sool

60f_

40

201

1996.8 1997.0 1997.2 19974

Figure 2.13. a) Spatial distribution of RTL values between 1996.85 and 1997.45 by using
characteristic RTL parameters r, = 50 km and t, = 1 year. Shaded areas
indicate the anomalous area of seismic quiescence. White circle indicates
the location of the M, -6.0 Umbria-Marche main shock on September 26,
1997. b) Cumulative number of earthquakes in Umbria-Marche region
during seismic quiescence stage, power-law fit and linear fit indicate the
dashed curve and pointed line, respectively (Mignan and Giovambattista,

2008).
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Figure 2.14. The results of a) temporal variation of different RTL parameters (r,, t, and d,)
at the epicenter of the M-4.8 Archipalego earthquake on August 16, 2010.
RTL curves starting at 1, January, 2008 with duration about 958 days. Some
examples of seismic quiescence are indicated by grey shade zone. b)
Temporal investigation during January 2000 and August 2010 by using RTL
parameters r, = 25 km, t, = 50 days and d, = 30. Red points indicate the
occurrence time of the minor earthquakes with 3.2 £ M < 3.8 located closely
(10 — 15 km) to the M-4.8 Archipalego earthquake main shock. c) Spatial
distribution of RTL values in the Aeolian Archipelago region during June
2009 and December 2009. The white point imply the location of the M-4.8

Archipalego earthquake epicenter (Gambino et al., 2014).
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2.4. Methodology

For evaluate both Z-value investigation and RTL algorithm in Thailand-Laos-
Myanmar borders, in this research, the simplified procedures are generated in 4 parts

(Figure 2.15).

1. THESIS PREPARATION 2. COMPLETENESS DATA

1.1 Literature Reviews 2.1 Collecting Data

- Tectonics setting
2.2 Magnitude Conversion

- Z-value Investigation 2.3 Earthquake Declustering

- RTL algorithm ,
2.4 Man-made Removing

2.5 Magnitude of Completeness

about the study area |

_________________________________

________________________________

4. SEISMIC HAZARD

4.1 Discussion
- Z-value Investigation

- RTL algorithm

4.2 Conclusion
- Z-value Investigation

- RTL algorithm

3. RESTROSPECTIVE TEST

3.1 Z-value Investigation
- Temporal Investigation

- Spatial Investigation

3.2 RTL algorithm
- Temporal Investigation

- Spatial Investigation

Figure 2.15. Simplified flow chart showing the methodology applied in this study.
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According to Figure 2.15., for understanding the methods about the Z-value
investigation and RTL algorithm clearly, at first, the previous works of both techniques
were reviewed inclusive the knowledge about tectonic setting of Thailand-Laos-Myanmar
borders. Secondly, for the best results, the complete earthquake data is very important.
In this part, the algorithms can be defined as below;

i) Data Compiling. Due to the different agency of seismicity sources provided both
advantages and disadvantages in each individual seismicity catalogues. Then, in
seismology, the collecting seismicity data from several earthquake data sources are very
important, for selecting and calibrating the suitable seismicity data source in the study
area.

ii) Magnitude Conversion. According to worldwide agencies were reported in the
different magnitude scales. Therefore, in order to get a homogeneous seismicity data, all
of the earthquake catalogues must be converted in the same magnitude scale before
using in the study.

iii) Earthquake Declustering. Although the nature earthquakes consist of
foreshock, main shock and aftershock, only main shock is related directly to the tectonics
activities. Hence, in order to forecast impending strong earthquake, the calculation should
considers only the main shock whereas foreshock and aftershock in seismic data should
be removed.

iv) Man-made Removing. Earthquakes are not only caused by the nature, but also
caused by human activities, i.e., nuclear explosion, mining, reservoir and so on. Therefore,
to prevent an error of artificial earthquake in the calculation, the man-made earthquake
should be eliminated from seismicity data.

v) Magnitude of Completeness. Due to the density of seismic station are improved
continuously in each era. Then, for screening the unstable magnitude scale which
recorded in each earthquake agency. The lowest magnitude scale or magnitude of
completeness which indicate 100% of the seismicity in a space-time extent are recorded

should be investigated before applying the seismicity catalogues to the any seismicity
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investigation. Therefore, the earthquake catalogues which have magnitude scale lower
than magnitude of completeness should be removed.

Third part, when the earthquake data are completed, the next algorithm was
applied to the data to investigate seismicity quiescence in Thailand-Laos-Myanmar border
region by using Z-value investigation and RTL algorithm. Both methods were calculated
retrospective test, in temporal and spatial investigation. The suitable condition in each
method was collected for using evaluate the trend of impending earthquakes. Then, the
seismic hazard map in each space-time will be generated. After that, the final part is for
conclusion and discussion. The result of Z-values investigation and RTL algorithm were

compared and evaluated the forecasting ability in the study area.



CHAPTER Il

SEISMICITY DATA AND COMPLETENESS

Earthquake catalogues are one of the most important products of seismology
(Woessner and Wiemer, 2005). According to the historical evidence, although the first
seismoscope invented by Zhang (Chang) Heng since 132 A.D., the revolution of
earthquake studies just provoked after the November 1, 1755 Lisbon earthquake,
Portugal, with magnitude more than 8 occurred (Agnew, 2002). Afterward, its take the
times nearly 100 years before the early seismograph was generated by Luigi Palmieri in
1855. Then, the number of different seismographs improved continuously, related to the
knowhow of earthquake in each era and the discovery of the characteristic types of
seismic wave, for example, Body wave, Surface wave, Rayleigh wave, Love wave, etc.
According to the magnitude scale mentioned above, at present, there are several
magnitude scales created for measuring a specific type of seismic waves. The well-known
of earthquake magnitude measurement, i.e., local magnitude (M,) (Richter, 1935),
surface-wave magnitude (M) (Gutenberg, 1945), body-wave magnitude (m,) (Gutenberg
and Ritchter, 1956) and moment magnitude (M,, or M) (Hanks and Kanamori, 1979;
Kanamori, 1977). Seismologist uses the earthquake catalogues based on these
magnitude scales, especially statistical seismology. However, the results found both
advantages and disadvantages from each magnitude scale. Furthermore, the lack of
seismic station in the past caused the seismicity recorded discontinuous. Therefore, there
are a number of researches attempted to improve the seismicity catalogues before
applied to their work. In accordance with the reasons above, this work also revised the
seismicity catalogues before the calculations of Z value and RTL algorithm. The

homogeneous seismicity catalogues improvement can be showed as topics 3.1 — 3.5.
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3.1 Seismicity Investigation

An earthquake catalogue is a list of information which it recorded from each
earthquake agency, describing a detail of seismic instrument readings in one earthquake
(i.e., name of agency, location of the epicenter, occurrence time, depth of the hypocenter,
magnitude scales, and so on, (Table 3.1). Although earthquake catalogues provide a
comprehensive database applied for seismicity surveys, this data are not easy to be
understand and use. Owning to the products of each earthquake agency have different
procedures that start with the configuration of the earthquake network (i.e., a seismic
sensor, software, location procedure, magnitude scales, human-selected computational
tools, and so on). Therefore, the collecting seismicity data from several earthquake data
sources may provide more useful catalogues, which can deploy in seismology (Woessner
et al., 2010).

As the results of statistical seismology depend on the number of seismicity data,
this work attempted to collect seismicity data in the Thailand-Laos-Myanmar borders
(16.76° — 22.30°N and 97.48" — 103.16°E) as much as possible. The results indicate the
main earthquake data sources available in this area are from the i) Incorporated Research
International Seismological Center (ISC), ii) National Earthquake Information Center
(NEIC), iii) Global Centroid Moment Tensor (GCMT), iv) Thai Meteorological Department
(TMD) and v) IDC (International Data Center) (Figure 3.1).

These seismicity sources contributed by different networks. However, each
network has both advantages and disadvantages themselves in terms of the recording
interval, data continuation, and limit of the recordable magnitude range including the type
of proposed magnitude scales of their records. For examples, even though NEIC has the
longest period of seismicity data and recorded consistently, the seismicity data with M <
2.9 are not reported. ISC has seismicity data with a wider magnitude range than others,
however the seismicity data of ISC not stable. TMD has a seismicity catalogue with a
widely magnitude range and recorded constantly, nevertheless the duration of seismicity

data from TMD are just between 1980 and 2009 only. Even though GCMT have the least
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seismicity data, all data from this source were recalculated for making the best seismicity
catalogues. Therefore, to improve the quantity and quality of seismicity data, all existing
seismicity catalogues (i.e., GCMT, ISC, NEIC, and TMD) are merged by using the
assumption from Suckale and Griinthal (2009), for avoiding double-counting earthquake
events. Then, the total seismicity data contain 20,699 earthquake events, during 1960.03

and 2015.00 (Figure 3.2).

Table 3.1. Examples of earthquake catalogues occupied by various agencies.

Agency Lon Lat Time (UTC) Depth (km) m, M, M, M,
T™MD 97.60 18.95  19/4/2009 06:18:24 10.0 - - 27 -
TMD 99.03 18.95  21/4/2009 15:56:16 10.0 - 1727 -
T™MD 97.65 18.72  21/4/2009 23:11:29 10.0 - 24 17 -
TMD 97.87 20.03  29/4/2009 11:39:00 10.0 - - 35 -
ISC 101.61 23.18 04/04/2009 22:03:53 14.6 42 39 - -
ISC 95.94 23.82 06/04/2009 16:24:30 36 3.7 - - -
ISC 95.03 25.30 17/04/2009 21:14:24 941 45 - - -
ISC 95.08 24.62 26/04/2009 23:10:11 112.0 3.5 - - -
NEIC 101.64 22.24 04/04/2009 22:03:52 10.0 43 - - -

NEIC 95.10 25.32 17/04/2009 21:14:25 104.8 46 - - -
NEIC 94.54 22,96 29/04/2009 23:31:26 113.5 43 - - -
IDC 95.07 17.05 20/04/2009 08:44:26 83.6 31 3.0 40 -
IDC 95.52 22.75 27/04/2009 10:29:36 0 32 - - -
IDC 23.39 95.68 29/04/2009 10:10:57 0 34 - - -
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Figure 3.1. Graph showing the relationships between magnitude and time of

seismicity recorded from a) NEIC, b) ISC, c) NEIC, d) GCMT.
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Figure 3.2. Graph showing the comparison of seismicity data from ISC (blue points),

TMD (orange points), NEIC (green points), and GCMT (purple points).

3.2 Magnitude Conversion

Because of the local seismicity network (TMD) can record the small shaking
events better than the far-field seismicity sources, while the global seismicity networks
(i.e., ISC, NEIC, and GCMT) are recordable efficiently with the medium-size and the large-
size earthquakes. The magnitude types reported by these agencies are different. The
TMD mostly reported M,, simultaneously the GCMT, NEIC and ISC catalogue record

variably the earthquake size in m,, M, and M, for each earthquake events. According to
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each magnitude scale is acquired by a specific hypothesis and diagnostic procedure
which have a reasonable report, however there are different value and individual meaning.
For explanation these magnitude scale briefly, m, calculated from the first arrival primary
wave (P-wave) of a seismogram, M, and M, computed from the surface wave and
secondary wave (S-wave), and the recent magnitude scale (M, ), developed to avoid the
error of saturation in other magnitude scale while the large earthquakes occurred (Hanks
and Kanamori, 1979; Kanamori, 1977).

Due to the reasons mentioned above, in order to assemble the homologous
seismicity data, the seismicity data recorded in Thailand-Laos-Myanmar borders were
converted to M, scale. For simplification, the empirical relationships between the different
magnitude scales were developed based on the number of correlation in each case. The
investigation of seismicity data in study area indicates that the m,, M, and M, are reported
simultaneously in many earthquake events, while there are a few M, recorded with M, at
the same time. However, there are a lot of earthquake events recorded M,, m, and M_in
the meantime. Then, this work attempted to covert M, to m, directly. However, although
M,, m, and M were recorded in the meantime, the number of correlation between M, and
m, is more than the number of correlation between M, and M, Hence, this work
determined to convert M, to m, before converting m, to M, later. Nevertheless, it is notable
that the average relationships should be calibrated in polynomial trend line (e.g., Howell
(1981); Ottemoller and Havskov (2003)). The empirical relationship equation defined as
equations 3.1 to 3.3 and the diagram of seismicity data Thailand-Laos-Myanmar borders

after converting to M, is shown in Figure 3.3.

M, =-0.1188m,” +2.1061m, —2.6052 (3.1)

M,, =—0.0915M ° +2.4122M, —5.2206 (3.2)

m, =0.2164M * —0.954M  —4.4467 (3.3)
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study.
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Figure 3.4. Map of Thailand-Laos-Myanmar border region (16.76° — 22.30°N and 97.48°
- 103.16°E) showing the distribution of earthquakes during 1960.03 and
2015.00. Blue points indicate the epicenter of main shocks with moment

magnitude (M, ) scale.

3.3 Earthquake Declustering

According to Stiphout et al. (2012), in general, seismologists understand
earthquake to consist of two types: (1) independent earthquake and (2) dependent
earthquake. Independent earthquakes are also called main shock, generated by tectonic

loading or stress transients that are not influenced by previous and neighbor earthquakes.
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Meanwhile, dependent earthquake are also known as foreshock and aftershock. A
foreshock is an earthquake which occurs before the largest seismic event in the same or
nearby time and space, while aftershock is a smaller earthquake that occurs following the
main shock in the same or neighboring location during the period depended on the
magnitude scale (days to years). Although, these second type earthquakes controlled by
complex process corresponded to main shock (i.e., seismically-activated, dynamic stress
changes, interlock effect and so on), the occurrence mechanisms of dependent
earthquake are not stable. Hence, in statistical seismology, seismologists prefer to
emphasize on the main shock rather than foreshock and aftershock.

The process of separating and seismicity catalogue into foreshock, main shock,
and aftershock, is widely used in statistical seismology and still developed continuously.
After Cornell (1968) mentioned that only the main shock can indicate the absolute seismic
stress released from the tectonic activities. There are a number of researches supported
that the earthquake precursor investigation should be identify and removing foreshock
and aftershock within earthquake catalogues before analysis (Gardner and Knopoff, 1974;
Palasri, 2006; Petersen et al., 2004). However, this work attempted to use declustering
model from Gardner and Knopoff (1974) for filtering dependent earthquakes in Thailand-
Laos-Myanmar borders both temporal and spatial distribution. The strongest earthquake
in nearby time and space were recognized as the main shock (above the red lines in
Figure 3.5). Other earthquake events (below the red lines in Figure 3.5) were recognized
as foreshock and aftershock, which they were removed from seismicity catalogues.

After filtering foreshock and aftershock based on Gardner and Knopoff model, the
result of declustering found 1,605 clusters of earthquakes from 20,699 events. Among
these events, a total of 17,156 events (82.88%) was recognized as dependent earthquake
and removed from earthquake catalogue. Then, the declustered seismicity catalogue
containing 3,543 events, during 1964.04 and 2014.68. The spatial distribution of seismicity
data in Thailand-Laos-Myanmar borders after declustering was indicated in Figure 3.6.
Nevertheless, these seismicity data still have the main shock that it occurred by human

activities. Thus, in order to obtain a complete autonomous seismicity (i.e., an only main
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shock which related directly tectonic activities) distribution, the man-made removing was

explained in the next topic.
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Figure 3.5. The parameters used to filtering foreshocks and aftershocks based on the

empirical model from Gardner and Knopoff (1974). (a) Time window and (b)
space window. The seismicity data (blue circles) above the red lines of both

time and space windows are identified as main shocks.
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Figure 3.6. Map of Thailand-Laos-Myanmar borders (16.76° — 22.30°N and 97.48° —
103.16°E) showing the distribution of earthquakes during 1964.04 and
2014.68. Blue and red points are the epicenters before and after declustering,

using empirical model from Gardner and Knopoff (1974), respectively.
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3.4 Man-made Removing

Earthquakes worldwide is not only caused by nature, but also caused by human
activities (i.e., nuclear bomb explosions, mining, reservoirs, natural oil and gas extraction,
and so on). Moreover, some natural earthquakes do not depend on tectonic activities (i.e.,
volcanic eruptions, meteor impact, geothermal energy, and etc.). Hence, the identification
of artificial earthquakes and earthquake occurred without tectonic activities within
seismicity catalogues have been considered in several researches (Habermann, 1982;
Habermann, 1983; Habermann and Wyss, 1984; Wyss, 1991; Wyss and Burford, 1985;
Zuniga, 1989; Zuniga et al., 2000; Zuniga et al., 2005; Zuniga and Wyss, 1995).

The GENAS algorithm (Habermann, 1983; Habermann, 1987) is the useful
technique, designed to filter such artificial earthquakes and the earthquake that it is not
related to tectonic activities. GENAS analyzes and proves significantly change in the
seismicity pattern by using the same equation as Z-value investigation (equation 2.1), and
comparing its results with the seismicity background rate occurred during the period of
interested time window. The step is repeated from the beginning to the end of time interval.
When the significant seismicity rate changes are found, the seismicity data is highlighted
and separated into two sections which are repeatedly investigated in the same pattern.
According to Zuniga et al. (2000) and Chouliaras (2009c), the results after applying
GENAS to seismicity data were indicating the period which outstanding from background
rate. The increasing and/or decreasing of seismicity data are investigated, including the
magnitude range affected by these changes. Similar to this work, after investigating main
shock data in Thailand-Laos-Myanmar borders between 1964.04 and 2014.68 by using
GENAS algorithm, the results have several periods implied seismicity pattern changes

(Figure 3.7).
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Mag < Mag >

Results of seismicity data in Thailand-Laos-Myanmar borders after applying
GENAS algorithm into the declustered catalogue from 1964.04 to 2014.68
with a magnitude cutoff 1.0. Circles and plus symbols indicate the decreasing
and increasing of earthquake detection, respectively. The red box indicates
the zone of the meaningful earthquake catalogue, determined to use in the

next step.

According to Figure 3.7, the zone of meaningful seismicity data determined during

1981.99 and 2012.16 with the minimum magnitude 2.1. The total of remainder

earthquakes in this zone is 2,867 events (Figure 3.8). However, these seismicity data still

improved in the next step.
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Figure 3.8.  Map of Thailand-Laos-Myanmar border region (16.76° — 22.30°N and 97.48°
— 103.16°E) showing the distribution of earthquakes during 1981.99 and
2012.16. Red and green points recognized as the epicenter of main shocks
before and after eliminated man-made earthquakes by using GENAS

algorithm proposed previously by Habermann (1983).

3.5 Magnitude of Completeness

Due to the measurement of far-field earthquake stations and the quality of seismic
recording instruments can generate the missing gap or the error of measuring
earthquakes. Therefore, estimating the magnitude of completeness (M,) of instrumental

earthquake catalogues is an important and required procedure for any earthquake
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investigations. M_ is indicated as the minimum magnitude at which 100% of the seismicity
in a space-time extent are recorded (Mignan and Woessner, 2012). The assumption to
estimate M, is often calculated by fitting a Gutenberg-Richter (G-R) model called the
frequency-magnitude distribution (FMD) (Gutenberg and Richter, 1944; Ishimoto and lida,
1939). This model explains the relationship between the frequency of the occurrence and
the magnitude of earthquakes which can be defined as equation 3.4 (Gutenberg and

Richter, 1944).

log,, N =a—bm (3.4)

Where N is the cumulative number of earthquake with magnitude equal to or larger than
m, aimplies the entire earthquake productivity, b indicates the relative distribution of small
and large seismicity. Earthquake events with magnitude m < M_ are eliminated from
seismicity data.

An accurate calculation of M_ is very important. High level of M_ leads to
inadequate sampling, by eliminating usable data, meanwhile lower level of M_ brings to
erroneous earthquake parameter values and made biased examination, by applying
incomplete earthquake data. Therefore, this research attempted carefully to find the
suitable M_ in Thailand-Laos-Myanmar borders, by investigating the magnitude of
completeness within seismicity data after declustered and man-made cutoff. The results
indicate the suitable M, = 4.4 (Figure 3.9) which it contains 702 main shocks (Figure 3.10).

Consequently, after filtering the non-homogeneous seismicity data, the result
found 702 main shocks (3.39%) during 1981.99 and 2012.16 from 20,699 events during

1960.03 and 2015.00. The total of 19,997 events (96.01%) are discarded.
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Figure 3.10. Map of Thailand-Laos-Myanmar border region (16.76° — 22.30°N and 97.48°
— 103.16°E) showing the distribution of earthquakes after filtering the
completeness seismicity data during 1981.99 and 2012.16. Green and
orange points indicate the epicenter of main shocks before and after
eliminating the epicenter of main shocks, which have moment magnitude

scale (M,) less than 4.4.



CHAPTER IV

SEISMICITY RATE CHANGE

After synthesis the completeness of seismicity data, the existing seismicity
catalogues were applied to the retrospective tests in space and time by using seismicity
rate changes (Z-value investigation) to investigate the seismicity precursors before the
occurrences of 8 strong earthquakes (M, 2 6.0) which occurred in Thailand-Laos-
Myanmar borders (16.76° — 22.30°N and 97.48° — 103.16°E) (Table 4.1). For the
calculation, this work varies the Z parameters including the number of events (n)
calculated from 25 to 150 with spacing every 25 events, time window (T,) varied from 0.5
to 15 years with spacing every 0.5 years. Therefore, there were 6 x 30 = 180 characteristic
conditions considered mainly (see appendix A). The suitable condition is arbitrary
collected by the best result in temporal investigation and spatial investigation as explained

in topics 4.1 and 4.2.

4.1 Temporal Investigation

According to the results of varied conditions, the main characteristic conditions
cannot indicate seismicity anomalies prior to all strong earthquakes clearly. Consequently,
this work decided to calculate Z value in subordinate scales, based on the group of
characteristic parameters which provide good results. Then, the suitable characteristic
parameter of Z values were determined as the number of events (n) = 50 and the time
window (T,) = 1.2 years.

For simplification the temporal investigation by this condition, the investigate area
is calculated over a radius of 300 km around the study area, divided by a grid from latitude
13.97°N - 25.17°N and longitude 94.68°E - 105.88°E, with an interval of 0.2° gridded
spacing. Thus, the total number of nodes is 3,250. In each grid node, a circle is drawn
around by radius (r) that was increased until it includes a total of epicenters of n = 50.

However, this study have fixed the limit of radius r = 250 km. The radius of more than 250
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km will be cutoff because this area do not have many seismicity data, for preventing the
meaningless of anomaly. Afterward, the cumulative number of earthquakes event versus
time is plotted for every grid node, starting at a time ¢, (December 28, 1981) and ending
at a time ¢, (February 28, 2012). A time window is placed, starting at T, and ending at T
+T,wheret, =T <T +T <t.T valueof1.2years is used here, and T is moved forward
in steps period of 0.04 years (~14 days). Then, in each interval position the Z value is
calculated, generating the Long Time Average (LTA) function defined by Wiemer and
Wyss (1994), which measures the significance of the difference between the mean
seismicity rate R, within the window T, and the background rate R, which is defined
here as the equation 2.1.

After the seismicity rate change calculation, the results of the retrospective
temporal investigation found 5 seismicity precursor from 8 strong earthquake events

(62.5%) (Table 4.1).

Table 4.1.  List of strong earthquake (M, 2 6.0) calculated by using Z parameter n = 50
events and T, = 1.2 years. The parameters Z, Q. and Q-time indicate
maximum of Z value at the epicenter of earthquake, starting time of seismic
quiescence, and the duration between starting time of seismic quiescence

and the occurrence time of main shock, respectively.

No Lon Lat Date Time Depth M, Z Qg Q-time
(Deg) (Deg) (UTC)  (km) (year)  (year)
1 10258 2136  24/6/1983  09:07 490 6.9 - - -

99.62 21.79 23/4/1984 22:30 170 6.3 - - -
99:06 20.32 28/9/1989 21:52 150 6.2 - - -
99.22 21.89 11/7/1995 21:46 150 6.8 3.0 1985.83 9.7
101.90 18.77 7/6/2000 21:48 330 6.5 6.0 1993.08 7.4
100.89  20.52 16/5/2007 08:56 126 6.3 6.9 2003.93 3.4
100.00  21.49 23/6/2007 08:17 16.1 6.1 7.0 1999.52 8

o ~N o o A~ W N

100.02  20.62 24/3/2011 13:55 132 6.8 6.8 2008.53 2.7
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According to Table 1.1., the M -6.9 earthquake on June 6, 1983, the M, -6.3
earthquake on April 23, 1984, and the M, -6.2 earthquake on September 28, 1989 cannot
calculate by Z-value investigation because there are insufficient seismicity data. However,
the calculation of the M, -6.8 earthquake on July 11, 1995, the M -6.5 earthquake on June
7, 2000, the M -6.3 earthquake on May 16, 2007, the M, -6.1 earthquake on June 23, 2007
and the M, -6.8 earthquake on March 24, 2011 can provide the cumulative number of Z
values corresponding with impending strong earthquakes (Figure 4.1). The explanations
of temporal variation can describe as follows;

i) According to Figure 4.1a, although the M -6.8 earthquake on July 11, 1995
found several phases of Z value peaks, the starting quiescence stage of this event was
determined at 1985.83 (9.7 years before the main shock of the M -6.8 earthquake),
because at this time, the Z curve at the epicenter of M -6.8 main shock indicates the
highest peak with a maximum of Z values at this location = 3.0.

ii) Based on Figure 4.1b, the M, -6.5 earthquake on June 7, 2000 detect the peaks
of Z value started at 1987.25 and 1993.08. Even though both of peak have the same Z
value (maximum Z value at the epicenter location = 6.0). The starting seismic quiescence
stage was determined at 1993.08, because this peak was developed nearest to the
occurrence time of main shock (7.4 years before the M,-6.5 main shock occurred).

i) Regarding to Figure 4.1c, the Z curve of the M, -6.3 earthquake on May 16,
2007 shows the 4 durations of seismicity quiescence stage. These quiescence stages
have the same Z value (maximum Z value at the main shock = 6.9). However, this work
determined the duration of latest peak which it started at 2003.93 is the starting point of
quiescence stage (3.4 years before the occurrence of the M, -6.3 earthquake main shock),

because the occurrence time of quiescence stage developed closely to the main shock.
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Z value

Z value

Cumulative number of earthquake and Z value plot versus time interval of

the (a) M -6.8 earthquake on July 11, 1995, (b) M -6.5 earthquake on June

7, 2000, (c) M,-6.3 earthquake on May 16, 2007, (d) M,-6.1 earthquake on

June 23, 2007, and (e) M -6.8 earthquake on March 24, 2011. The blue line

implies the increasing of cumulative number of earthquakes during the

focused time period. The thick black line indicates the Long-Term Average

(LTA) function, displaying seismicity rate changes (Z-value investigation)

relating the mean rate within the time interval in the calculable strong

earthquake. Red Stars indicate the occurrence time of main shocks.
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iv) According to Figure 4.1d, the Z parameter of the M, -6.1 earthquake on June
23, 2007 shown the 8 duration of the seismic quiescence stages. These quiescence stage
have the same Z value (maximum Z value at the epicenter = 7.0). However, based on the
same reasons mentioned in ii) and iii), this work determined the occurrence of the latest
peak that started in 1999.52 as the starting point of quiescence stage (8 years before the
occurrence of the M -6.1 earthquake main shock).

v) Finally, in Figure 4.1e, the Z value of the M,-6.8 earthquake on March 24, 2011
indicate the 8 durations of seismicity quiescence stages. These quiescence stages have
the equal of Z values (maximum Z value at the location of the M,-6.8 earthquake = 6.8).
However, this work decided to choose the occurrence of the latest peak, which started in
2008.53 as the starting point of quiescence stage (2.7 year before the main shock of the
M,-6.8 earthquake on March 24, 2011 occurred), because the similar reasons mentioned

in ii), iii) and iv).

4.2 Spatial Investigation

In order to constrain the potential of the Z-value investigation for detecting the
earthquake precursor in intermediate-term and short-term in Thailand-Laos-Myanmar
borders. This work applied also spatial investigation to investigate the upcoming strong
earthquake in this area. The retrospective map shows the Z values in the area of latitude
16.76°N to 22.30°N and longitude 97.48°E to 103.16°E. The Z value of each node and
each time slice indicating the seismicity rate change at that node. Positive and negative
Z values represent that the seismicity rate is lower, and higher, than the mean rate,
respectively. The positive of Z values represents the decreasing of earthquake in the study
area (seismic quiescence). As the number of effective grid nodes is 3,250 for each time
slice, and since there are more than 750 time slices, the total number of effective grid
nodes, where Z values were calculated, are more than 2,437,500. The results of spatial
investigation at the starting time of seismicity quiescence explained as follows;

i) The spatial distribution of the M -6.8 earthquake on July 11, 1995 indicate the

seismicity quiescence anomaly covered widely around 350 km’ over the eastern part of
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Myanmar (including cities i.e., Mongyan, Kengtung, Monghpyak, Mongyawng, Mong Ho-
pung, Bok Hsopnam), the Southern Yunnan, China and the northern part of Laos
(including cities Pak Beng and Houay Xay). The anomaly area locate on the 4 fault zones,
for examples, Nam Ma (Morley, 2007), Jinghong (Lacassin et al., 1998), Menglian
(Lacassin et al., 1998) and Mengxing (Lacassin et al., 1998) fault zones The location of
maximum Z value (Z,, = 6.8) situate on Monyawng city (21.27°N, 100.29°E) with the group
of high Z value belt pose in the north-west of Z__ location and passing through Mengxing
and Nam Ma fault zones. However, the epicenter of the M, -6.8 earthquake on July 11,
1995 located at the north-west of Kengtung city (21.89°N, 99.22°E) far from the location of
Z_.. area around 150 km (Figure 4.2).

i) The spatial map of the M,-6.5 earthquake on June 7, 2000 shows the seismicity
quiescence anomaly generated dimly around 300 km’ over the eastern part of Myanmar
(including cities i.e., Mongyan, Kengtung, Monghpyak, Mongyawng, Mong Ho-pung, Bok
Hsopnam), northwestern part of Laos (including cities, i.e., Vientiane, Pak Lai, Phonsavan,
Luang Prabang and Pak Beng) and some area in the northeastern part of Thailand
(including cities, Nan, Uttaradit and Phayao). Moreover, the anomaly area locate in a
number of fault zones between Thailand and Laos and Myanmar. The zone of high Z value
(Z 2 6.0) developed lengthily from the eastern part of Myanmar to the southern part of
Laos and the northern part of Thailand, passing through Mengxing, Nam Ma, Mae Ing
(Fenton et al., 2003) fault zones (Figure 4.3).

iii) The spatial map of the M, -6.3 earthquake on May 16, 2007 shows the seismicity
quiescence anomaly developed widely with high Z value, posing in a long belt with the
distance more than 700 km started from the northern part of Thailand to the northern part
of Laos (including well-known cities i.e., Chiang Mai, Chiang Rai, Phayao, Nan, Pak Beng,
Luang Prabang) (Figure 4.4). The anomaly area covered on a number of fault zones
between Thailand and Laos. However, the epicenter of the M -6.3 earthquake on May 16,
2007 (20.52°N, 100.89°E) located at the Mae Ing fault zones which it has positive Z value

= 6.9 (High Z value zone). Nevertheless, the zone of high Z values (Z 2 6.0) developed



62

continuously from the northern of Thailand to the northern of Laos with the distance more
than 600 km.

iv) The spatial distribution of the M -6.1 earthquake on June 23, 2007 indicate the
seismicity quiescence anomaly covered straightly around 600 km over the eastern part of
Myanmar (i.e., Mongyan, Kengtung, Monghpyak, Mongyawng, Mong Ho-pung, and Bok
Hsopnam cities), the Southern Yunnan, China and the northern part of Laos (including
cities Muang Ou Tai and Muang Khoa). The anomaly of quiescence area located on
Jinghong and Mengxing fault zones. The Z__ = 7.1 situate around Kengtung and Bok
Hsopnam city (21.37°N, 100.48°E) with the group of high Z value belt posing in the east
of Z . location and passing to Mengxing fault zones. The epicenter of the M, -6.1
earthquake located at the north-west of Kengtung city (21.49°N, 100.00°E) that it is closely
to the location of Z_ area around 150 km (Figure 4.5).

v) The spatial distribution of the M -6.8 earthquake on March 24, 2011 indicate
the seismicity quiescence anomaly covered widely around 400 km® over the eastern part
of Myanmar (i.e., Mongyan, Kengtung, Monghpyak, Mongyawng, Mong Ho-pung, and
Bok Hsopnam cities), the northern part of Thailand (including cities i.e., Chiang Mai,
Chiang Rai and Nan) and the northern of Laos (including cities Pak Beng, Luang Prabang
and Xaignabouli). The anomaly of quiescence area locate in Mengxing fault zones and
Wan Na-awn fault zones (Pailoplee et al., 2009b). The Z . zone (Z, . = 6.8) situate around
Monghpyak city (20.57 °N, 99.68 ‘E and 20.77 "N, 99.88 "E) with the group of high Z value
belt posing in the north-west of Z , location and passing through the Chiang Rai,
Mengxing and Wan Na-awn fault zones. The epicenter of the March 24, 2011 M -6.8
earthquake located among the location of high Z value zone (Z 2 6.0), at Monghpyak city
(20.62°N, 100.02°E) (Figure 4.6).
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Figure 4.2. Map of Thailand-Laos-Myanmar borders showing spatial distribution of Z

values at the time slice of seismic quiescence stage A.D. 1985.83, 9.7 years
before the occurrences of the M, -6.8 earthquake on July 11, 1995. The scale
on the left corresponds to the Z value, a red shade (positive Z value) and
blue shade (negative Z value) represents a decrease and increase in the
seismicity rate, respectively. The epicenter of the M, -6.8 earthquake
(21.89°N, 99.22°E) is shown as a blue star. The grey stars show the

epicenters of all 8 events utilized for retrospective test.
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Figure 4.3. Map of Thailand-Laos-Myanmar borders showing spatial distribution of Z

values at the time slice of seismic quiescence stage A.D. 1999.03, 7.4 years
before the occurrences of the M _-6.5 earthquake on June 7, 2000. The scale
on the left corresponds to the Z value, a red shade (positive Z value) and
blue shade (negative Z value) represents a decrease and increase in the
seismicity rate, respectively. The epicenter of the M, -6.5 earthquake
(18.77°N, 101.90°E) is shown as a blue star. The grey stars show the

epicenters of all 8 events utilized for retrospective test.
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Figure 4.4. Map of Thailand-Laos-Myanmar borders showing spatial distribution of Z

values at the time slice of seismic quiescence stage A.D. 2003.93, 3.4 years
before the occurrences of the M, -6.3 earthquake on May 16, 2007. The
scale bar on the left corresponds to the Z value, a red shade (positive Z
value) and blue shade (negative Z value) represents a decrease and
increase in the seismicity rate, respectively. The epicenter of the M, -6.3
earthquake (20.52°N, 100.89°E) is shown as a blue star. The grey stars show

the epicenters of all 8 events utilized for retrospective test.
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Figure 4.5.

Map of Thailand-Laos-Myanmar borders showing spatial distribution of Z
values at the time slice of seismic quiescence stage A.D. 1999.52, 8 years
before the occurrences of the M, -6.1 earthquake on June 23, 2007. The
scale on the left corresponds to the Z value, a red shade (positive Z value)
and blue shade (negative Z value) represents a decrease and increase in
the seismicity rate, respectively. The epicenter of the M -6.1 earthquake
(21.49°N, 100.00°E) is shown as a blue star. The grey stars show the

epicenters of all 8 events utilized for retrospective test.
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Figure 4.6.

Map of Thailand-Laos-Myanmar borders showing spatial distribution of Z
values at the time slice of seismic quiescence stage A.D. 2008.53, 2.7 years
before the occurrences of the M, -6.8 earthquake on March 24, 2011. The
scale bar on the left corresponds to the Z value, a red shade (positive Z
value) and blue shade (negative Z value) represents a decrease and
increase in the seismicity rate, respectively. The epicenter of the M, -6.8
earthquake (20.62°N, 100.02°E) is shown as a blue star. The grey stars show

the epicenters of all 8 events utilized for retrospective test.
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Remark: According to Figure 4.3, although the temporal investigation of the retrospective
test can detect seismic quiescence at the location of the main shock, the result of
retrospective spatial investigation don’'t shows the anomaly cover the epicenter. The
unreasonable result of this case study caused by the spatial investigation of Z don’t shows
the result if the collecting radius at each grid node more than 250 km. Then, the M, -6.5
main shock (18.77°N, 101.90°E) occurred outside the anomaly zone within the southeast
direction of the mentioned anomalies and the distance, approximate 100 km because the
node around the epicenter which collecting radius more than 250 km were not indicated

quiescence stage.



CHAPTER V

REGION-TIME-LENGTH ALGORITHM

In order to constrain the Z value obtained from the previous chapter, this work
investigate the seismicity pattern changes in Thailand-Laos-Myanmar borders by using
the RTL algorithm as well. The RTL investigation also implements the same completeness
seismicity data used in the previous Z value investigation. The retrospective tests were
investigated in space and time prior to 8 strong earthquakes (M, 2 6.0) which occurred
in Thailand-Laos-Myanmar borders (16.76° — 22.30°N and 97.48° — 103.16°E) (Table 5.1).
The goal of this chapter is finding the suitable characteristic RTL parameter (r, and t,,

resembling to R, and T ., respectively) which can detect earthquake precursor

impending to strong earthquakes. Then, this work varies the characteristic RTL
parameters including the characteristic distance r, from 40 to 150 with spacing every 5
km, and characteristic time-span t, from 0.5 to 5 years with spacing 0.05 years. Hence,
22 x 80 = 1,980 characteristic RTL conditions were considered mainly (Appendix B). The

suitable characteristic RTL parameter is in arbitrary collected by the best result in both

temporal and spatial investigations as explained in topics 5.1 and 5.2.

5.1 Temporal Investigation

As the results of varied conditions, it seems to be that the characteristic distance

r, =120 km (R, = 2r, = 240 km) and the characteristic time-span t,= 2 (T, = 2{,= 4

max max

years) successful to find out concurrently the irregular seismic activity, i.e., anomalous
value of RTL, or it can determine as the suitable characteristic RTL parameters.

For simplification the temporal investigation by this RTL condition, the investigate
area is calculated over radius 300 km around the study area, divided by a grid from
latitude 13.97°N - 25.17°N and longitude 94.68°E - 105.88°E, with an interval of 0.2°
gridded spacing. Thus, the total number of nodes is 3,250 (same as the total nodes of Z

values). In each grid node, a circle is drawn around by the radius of R _ = 240 km. The
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earthquakes occurred inside radius R, during the time window 7 . = 4 years are

selected. Then, the RTL algorithm was evaluated by changing the calculated time at a
step of 14 days, starting at the beginning of available seismicity data through the
occurrence time of earthquake considered. Nevertheless, in order to avoid the erroneous
calculation of RTL algorithm, this work determined the minimum of the number of events
inside the radius (n) = 30 events, the RTL value which calculated less than 30 earthquake
events are eliminated. Afterward, the RTL values in each node are normalized between -
1 and 1 of RTL scores. The results of RTL values are plotted versus time at every grid
node, for identifying the significance of the difference between the background seismicity
rates. The result of the temporal investigation by using RTL algorithm applied prior to

strong earthquakes, found 5 seismicity precursor from 8 strong earthquake events

(62.5%, same as Z-value investigation) (Table 5.1).

Table 5.1.  List of strong earthquake (M, 2 6.0) calculated by using characteristic RTL
parameter r, = 120 and ¢, = 2. The parameters RTL, Q,, and Q-time indicate
minimum of RTL value at the epicenter of each strong earthquake, starting
time of seismic quiescence, and the duration between starting time of

seismic quiescence and the occurrence time of main shock, respectively.

No Lon Lat Date Time Depth M, RTL Qg Q-time
(Deg)  (Deg) (UTC)  (km) (year)  (year)

1 102.58 2136  24/6/1983  09:07 49.0 6.9 - - -
99.62 21.79  23/4/1984  22:30 17.0 6.3 - - -
99:06  20.32  28/9/1989  21:52 150 6.2 - - -

21.89  11/7/1995  21:46 15.0 6.8 -0.68 1992.39 3.1

101.90 18.77 7/6/2000 21:48 33.0 6.5 -0.90 2000.06 0.4

100.89 20.52  16/5/2007 0856 126 6.3 -0.65 2003.93 3.4

~ o o A~ w N
©
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100.00 2149  23/6/2007 0817 16.1 6.1 -0.65 1995.65 11.8
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20.62  24/3/2011 13:656  13.2 6.8 -1.00 2007.58 3.7
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According to temporal investigation of RTL, it reveals that the M, -6.9 earthquake
on June 6, 1983, the M -6.3 earthquake on April 23, 1984, and the M,-6.2 earthquake on
September 28, 1989 cannot calculated RTL value, because there are insufficient
seismicity data. Nevertheless, the computation of the However, the calculation of the M, -
6.8 earthquake on July 11, 1995, the M, -6.5 earthquake on June 7, 2000, the M, -6.3
earthquake on May 16, 2007, the M -6.1 earthquake on June 23, 2007 and the M, -6.8
earthquake on March 24, 2011 can provide the temporal variation of RTL value
corresponding with impending strong earthquakes (Figure 5.1). The explanations of
temporal variation can be described as follow;

i) Based on Figure 5.1a, the normalized RTL curve of the M -6.8 earthquake on
July 11, 1995 epicenter rather developed straightly along background value until it found
the seismic quiescence started in 1992.31. After that, the RTL parameters decreased
immediately and reach its minimum in 1992.39 (minimum RTL value= - 1.0). After then,
the RTL curve raised rapidly to background value in 1992.77 and has develop along the
mean rate again until the occurrence of main shock (2.76 years after the quiescence
posed).

ii) According to Figure 5.1b, the normalized RTL curve at the M, -6.5 earthquake
on June 7, 2000 location generated straightly along the mean value between 1984.56 and
1992.73. Afterward, the curve has a little variation during 1992.74 and 2000.02 before it
decreased instantly to the bottom in 2000.6 (minimum RTL = - 0.96). This earthquake
occurred in 2000.36, in the duration of seismicity quiescence.

i) Regarding to Figure 5.1c, the normalized RTL parameter of the M, -6.3
earthquake on May 16, 2007 identified the variant development along the RTL graph. This
RTL curve indicates 3 quiescence stage (started at 1989.79 — 1991.81, 1991.89 — 1992.73
and 2003.24 — 2004.28) and 3 activation stage (started at 1987.36 — 1988.97, 1993.58 —
1995.65 and 1995.76 — 1996.76). However, the precursor stage of this event determined
at the quiescence stage between 2003.24 and 2004.28 because this duration indicates

the most different RTL value from the background rate (minimum RTL value = - 0.80).
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Therefore, the M,-6.3 main shock occurred with a time delay of 3.09 years after the end

of quiescence stage.
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Figure 5.1. Temporal variation of RTL values plot versus time interval of the (a) M, -6.8

earthquake on July 11, 1995 (21.89°N, 99.22°E), (b) M,-6.5 earthquake on
June 7, 2000 (18.77°E, 101.90°N), (c) M -6.3 earthquake on May 16, 2007
(20.52°N, 100.89°E), (d) M, -6.1 earthquake on June 23, 2007 (21.49°N,
100.00°E), and (e) M,-6.8 earthquake on March 24, 2011 (20.62°N,
100.02°E). The red line implies the RTL value during the focused time period.

The black square indicates the occurrence time of each earthquake.
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iv) Based on Figure 5.1d, the normalized RTL value plotted versus time of the M, -
6.1 earthquake on June 23, 2007 location identify the seismicity quiescence start
decreasing in 1995.49 and reached its minimum in 1995.65 (minimum RTL = - 0.66). After
that, the normalized RTL parameter increased and return to the normal stage in 1996.53
until 1999.18. Then, the normalized RTL value indicates activation stage started in 1999.25
—2000.21 with a maximum RTL value = 0.40. After the activation stage, the RTL curve has
a small variants 7.27 years before the occurrence of the main shock.

v) In final case in Figure 5.1e, the normalized RTL curve at the M,-6.8 earthquake
on March 24, 2011 epicenter indicate seismic quiescence clearly from the background
seismicity rate. The decreasing start at 2007.35 and reach its minimum at 2007.58 before
returning gradually to the background rate at 2009.57, the normal stage has a duration of

1.66 years before the occurrence of main shock.

5.2 Spatial Investigation

In order to support the potential of the RTL algorithm for short-term and
intermediate-term earthquake forecasting. This research used also spatial investigation to
identify the seismicity precursor of the upcoming strong earthquake in the Thailand-Laos-
Myanmar borders. The retrospective spatial distribution indicates the RTL parameter in
the area of latitude 16.76°N to 22.30°N and latitude 97.48°E to 103.16°E. The normalized
RTL value in each grid node and each time slice is calculated by using the Q-parameter
as mentioned as equation 2.6. The results of Q-parameter are indicate the seismicity rate
variation around each node area. Negative and positive RTL values imply that the
earthquake activities are lower, and higher, than the background rate, respectively. The
positive of RTL value implies the increasing of earthquake in the study area (seismicity
activation) and the negative of RTL value implies the decreasing of earthquake activities

in the study area (seismicity quiescence).
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As the number of effective grid nodes is 3,250 for each time slice, and since there
are more than 750 time slices, the total number of effective grid nodes, where RTL values
were calculated, are more than 2,437,500. The results of spatial investigation between the
duration of seismicity quiescence stage described as follows;

i) The spatial distribution of the M, -6.8 earthquake on July 11, 1995 indicates the
seismicity quiescence anomaly covered widely around 300 km® over the Eastern Myanmar
(around 150-km southwestern part of the Mengsong city) and some area in the southern
part of Yunnan, China. The anomaly area locates on the 3 fault zones, for examples,
Jinghong (Lacassin et al., 1998), Mengxing and Nam Ma fault zones. The location of
minimum RTL value situated on Kengtung city (21.37°N, 99.69°E) and close to Jinghong
fault zones. However, the epicenter of the July 11, 1995 M, -6.8 earthquake located at the
north-west of Kengtung city (21.89°N, 99.22°E) far from the location of the minimum RTL
zone around 100 km (Figure 5.2).

i) The spatial map of the M, -6.5 earthquake on June 7, 2000 shows the seismicity
quiescence anomaly generated dimly around 300 km® over the northwestern of Laos
(including cities, i.e., Vientiane, Pak Lai, Phonsavan, Luang Prabang and Pak Beng) and
some area in the northeastern Thailand (including cities, Nan, Uttaradit and Phayao). The
anomaly area locates in the vicinity of 3 fault zones, for examples, Dein Bein Fu
(Zuchiewicz et al., 2004), Nam Peng (Charusiri et al., 1999) and Loei-Petchabun Suture
fault zones (Lepvrier et al., 2004). The location of minimum RTL value situated on Pak
Beng city (19.97°N, 100.89°E) and close to Nam Peng fault zone. However, the epicenter
of the June 7, 2000 M, -6.5 earthquake located at the south-east of Pak Beng city (18.77°N,
101.90°E) far from the location of minimum RTL area around 180 km (Figure 5.3).

iii) The spatial map of the M, -6.3 earthquake on May 16, 2007 represented the
seismicity quiescence anomaly developed dimly around 300 km® over the Northern of
Thailand (including cities, i.e., Chiang Rai, Phayao, Nan, Uttaradit, Lampang and Phrae)
and some area in the north of Laos (including cities, Pak Beng and Houay Xay). The
anomaly area located on the 4 fault zones, for examples, Pha Yao (Fenton et al., 2003),

Mae Ing, Mae Chan (Fenton et al., 2003) and Chiang Rai fault zones (Pailoplee et al.,
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2009b). The location of minimum RTL value situated on Chiang Rai city (20.18°N,
100.08°E) and close to Chiang Rai fault zone. However, the epicenter of the May 16, 2007
M,-6.3 earthquake located at the north-east of Chiang Rai city (20.52°N, 100.89°E) far
from the location of minimum RTL zone around 125 km (Figure 5.4).

iv) The spatial map of the M, -6.1 earthquake on June 23, 2007 indicated the
seismicity quiescence anomaly posed around 300 km along the eastern of Myanmar
(including cities, i.e., Bok Hsopnam, Mongyawng, Kengtung, Mongyan and Ta-kaw) to the
southern of Yunnan, China. The anomaly area located in the Jinghong fault zone. The
location of minimum RTL value situated on Mongyan city (22.17°N, 99.08°E) and close to
Jinghong fault zone. However, the epicenter of the June 23, 2007 M, -6.1 earthquake
located at the south of Mongyan city (21.49°N, 100.00°E) with the distance from the
location of minimum RTL area to the location of epicenter around 50 km (Figure 5.5).

v) The spatial map of the M, -6.8 earthquake on March 24, 2011 implied the
seismicity quiescence anomaly covered around 350 km® over of eastern part of Myanmar
(including cities, i.e., Bok Hsopnam, Mongyawng, Kengtung, Mongyan and Ta-kaw), the
northern of Thailand (including cities, i.e., Chaing Mai and Chiang Rai), the northern part
of Laos (including cities, Houay Xay and Luang Namtha). The anomaly area located on
the 2 fault zones, for examples, southern part of Mae Chan and Wan Na-awn fault zone.
The location of minimum RTL value situate on the northern of Chiang Mai city (19.57°N,
99.28°E) and close to Mae Chan fault zone. However, the epicenter of the March 24, 2011
M, -6.8 earthquake locate at the south-west above Chiang Mai city (20.62°N, 100.02°E)
with the distance from the location of minimum RTL area to the location of epicenter

around 150 km (Figure 5.6).
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Figure 5.2. Map of Thailand-Laos-Myanmar borders showing spatial distribution of RTL
values, at the duration of seismicity quiescence stage between 1992.35 and
1992.85, 2.68 years before the occurrences of the M -6.8 earthquake on
July 11, 1995. The scale on the left corresponds to the RTL value in units of
normalized standard deviation. A red shade (negative RTL score) and blue
shade (positive RTL score) represents a decrease and increase in the
seismicity rate, respectively. The epicenter of the M, -6.8 earthquake
(21.89°N, 99.22°E) is shown as a blue star. The grey stars show the

epicenters of all 8 events utilized for retrospective test.
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Figure 5.3. Map of Thailand-Laos-Myanmar borders showing spatial distribution of RTL
values, at the duration of seismicity quiescence stage between 2000.06 and
2000.40, 0.03 years before the occurrences of the M, -6.5 earthquake on
June 7, 2000. The scale on the left corresponds to the RTL value in units of
normalized standard deviation. A red shade (negative RTL score) and blue
shade (positive RTL score) represents a decrease and increase in the
seismicity rate, respectively. The epicenter of the M -6.5 earthquake
(18.77°E, 101.90°N) is shown as a blue star. The grey stars show the

epicenters of all 8 events utilized for retrospective test.
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Figure 5.4. Map of Thailand-Laos-Myanmar borders showing spatial distribution of RTL
values, at the duration of seismicity quiescence stage between 2003.93 and
2004.81, 2.56 years before the occurrences of M -6.3 earthquake on May
16, 2007. The scale on the left corresponds to the RTL value in units of
normalized standard deviation. A red shade (negative RTL score) and blue
shade (positive RTL score) represents a decrease and increase in the
seismicity rate, respectively. The epicenter of the M, -6.3 earthquake
(20.52°N, 100.89°E) is shown as a blue star. The grey stars show the

epicenters of all 8 events utilized for retrospective test.
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Figure 5.5. Map of Thailand-Laos-Myanmar borders showing spatial distribution of RTL

values, at the duration of seismicity quiescence stage between 1995.45 and
1996.26, 11.22 years before the occurrences of the M -6.1 earthquake on
June 23, 2007. The scale on the left corresponds to the RTL value in units of
normalized standard deviation. A red shade (negative RTL score) and blue
shade (positive RTL score) represents a decrease and increase in the
seismicity rate, respectively. The epicenter of the M -6.1 earthquake is
shown (21.49°N, 100.00°E) as a blue star. The grey stars show the

epicenters of all 8 events utilized for retrospective test.
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Figure 5.6.

Map of Thailand-Laos-Myanmar borders showing spatial distribution of RTL

values, at the duration of seismicity quiescence stage between 2007.38 and

2009.57, 1.66 years before the occurrences of March 24, 2011 M,-6.8 main

shock. The scale on the left corresponds to the RTL value in units of

normalized standard deviation. A red shade (negative RTL score) and blue

shade (positive RTL score) represents a decrease and increase in the

seismicity rate, respectively. The epicenter of the M -6.8 earthquake

(20.62°N, 100.02°E) is shown as a blue star. The grey stars show the

epicenters of all 8 events utilized for retrospective test.



CHAPTER VI

DISCUSSION

In order to support that the seismicity rate change (Z value) and RTL algorithm
can be utilized as earthquake forecaster tools in Thailand-Laos-Myanmar borders. In this
chapter, the results in previous chapters were considered in together and compare with
the previous researches which corresponded to this study. The comparison of rational

results was described as follows:

6.1 Completeness of Earthquake Data

Because the seismicity data used in the statistical seismology should have
homogeneous database. The existing seismicity catalogues after the procedures of
earthquake data improvement should contain only the main shock which directly related
to tectonic activities (excluding foreshock, aftershock, man-made earthquake, and the
maximum magnitude which seismic instrument cannot recorded 100%). In order to
constrain the results of completeness of seismicity data, several works were attempted to
observe the relationships of cumulative number of earthquakes against time. The results
indicated that the trend line of cumulative number versus time or magnitude scales are
more smooth and reformed to the straight line after the individual process such as
earthquake declustering, man-made cutoff, magnitude of completeness (Bachmann,
2001; Chouliaras, 2009c; Katsumata, 2011a; Katsumata and Sakai, 2013; Rudolf-Navarro
et al., 2010; Santi Pailoplee et al., 2013). Therefore, this work also observed the cumulative
number of earthquakes against time in each procedure of completeness of seismicity
data. At first, the cumulative number curve of the total seismicity data represents the flat
trend line generated between 1960 and 1983. After that, although the cumulative curve
raised gradually until 2012, at this time the curve showed irregularities of cumulative
number until the end of the data. Secondly, the cumulative number curve after

declustering indicates the flat trend line during 1964 and 1974. Afterward, the cumulative
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curve developed gradually until the end of the data. The overall trend line of declustered
seismicity catalogues seems to be straighter than the previous one. Next, the cumulative
number curve after removing the man-made earthquake does not show the flat trend line.
Moreover, the cumulative number curve increased gradually as a straight line during time-
span. Finally, the cumulative number rate of the main shock data with magnitude scales
at least 4.4 indicate the trend of straight line also develop smoothly along the function of
time. Even if both of the cumulative number of earthquake events before and after
eliminating M_ show the developing as a straight line, the slope of the cumulative number
curve after M, seem to be better than before. Consequently, the seismicity data
improvement in each procedure in Chapter lll lead to the completeness of earthquake
catalogues in Thailand-Laos-Myanmar borders. Then, it can mention that the seismicity
catalogues before applying to Z value and RTL algorithm investigation are the reliable and

meaningful for any seismicity investigation (Figure 6.1 and Figure 6.2).
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Figure 6.1. The cumulative number of earthquakes in Thailand-Laos-Myanmar borders
plotted against time. a) Before declustering. b) After declustering. Dash

lines indicate linear trend line.
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Figure 6.2. The cumulative number of earthquakes in Thailand-Laos-Myanmar borders
plotted against time. a) After man-made cutoff and b) after magnitude of

completeness cutoff. Dash lines indicate linear trend line.

6.2 The Starting Time of Seismic Quiescence

In order to support the Z-value investigation and RTL algorithm have potential to
evaluate seismic precursors before the occurrence of an earthquake in the short-term and
intermediate-term, this work also compared the calculable duration time between starting
time of seismic quiescence and the occurrence time of the main shock (Q-time) from both
techniques with the previous researches. At the beginning, after review the previous
researches of Z value, the Z-value investigation can categorize the forecasting duration
in 2 groups. The first group is short-term and intermediate-term investigation (months - 10
years) because mostly previous studies indicated the duration of Q-time varied in the
range of 0.75 — 7.00 years (Chouliaras, 2009a; Katsumata, 2011a; Katsumata and Sakali,

2013; Murru et al., 1999; Oztiirk and Bayrak, 2009). The second group is the long-term
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investigation (more than 10 years) because there is only one research indicate the
quiescence detection more than 20 years (Katsumata, 2011b). However, the results after
calculated Z value in Thailand-Laos-Myanmar borders indicate the detection time of
quiescence varied in the zone of intermediate-term. The quiescence detection time of M, -
6.3 earthquake on May 16, 2007 and the M, -6.8 earthquake on March 24, 2011 which
located inside the Q-time range of previous studies. Therefore, according to the reasons
mentioned above, the quiescence detection time of this work which is calculated by the
Z-value investigation are effective for intermediate-term forecasting (Figure 6.3).
Secondly, after review the previous researches of RTL algorithm, all previous
research reported that the RTL investigation can classify the forecasting duration as short-
term and intermediate-term (Chen and Wu, 2006: Gambino et al., 2014; Gentili, 2010;
Huang, 2004; Huang, 2005; Huang and Sobolev, 2002; Huang et al., 2001; Sobolev and
Tyupkin, 1997). These previous studies indicate the detection of quiescence time, which
is calculated by RTL algorithm varied between 1.00 and 5.00 years. In the same way as
the previous works, the duration time between the starting time of seismic quiescence and
the occurrence time of the main shock for the M, -6.8 earthquake on July 11, 1995, the
M,-6.5 earthquake on June 7, 2000, the M, -6.3 earthquake on May 16, 2007, and the M-
6.8 earthquake on March 24, 2011 developed in the same duration as previous studies.
Due to the quiescence detection time of M, -6.1 earthquake on June 23, 2007 was found
in the duration of long-term forecasting, however the quiescence detection time of this
event occur closely to the period of intermediate-term earthquake forecasting. Then,
regarding to the rationale mentioned above, the quiescence detection time of this work
which is calculated by RTL algorithm is also effective for intermediate-term forecasting the

same as mentioned above with a Z-value investigation (Figure 6.4).
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Figure 6.3. The duration time between starting time of seismic quiescence and the

occurrence time of the main shock of strong earthquake (Q-time), calculated

by Z-value investigation. Blue circles indicate seismic quiescence detection

time of previous works in short-term and intermediate-term forecasting. Red

circle indicates seismic quiescence detection time of previous work in long-

term forecasting. Blue shaded area

is the zone of short-term and

intermediate-term forecasting time, pink shaded area is the zone of long term

forecasting time. The quiescence detection time of the M, -6.8 earthquake on

July 11, 1995, the M, -6.5 earthquake on June 7, 2000, the M, -6.3 earthquake

on May 16, 2007, the M -6.1 earthquake on June 23, 2007 and the M -6.8

earthquake on March 24, 2011 are represented by a green circle, yellow

circle, orange circle, pink circle, and purple circle, respectively.
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Figure 6.4. The duration time between the starting time of seismic quiescence and the

occurrence time of the main shock of strong earthquake

(Q-time),

investigated by RTL algorithm. Blue circles indicate seismic quiescence
detection time of previous works in short-term and intermediate-term
forecasting. Red circle indicates seismic quiescence detection time of
previous work in long-term forecasting. Blue shaded area is the zone of short-
term and intermediate-term forecasting time, pink shaded area is the zone of
long term forecasting time. The quiescence detection time of the M -6.8
earthquake on July 11, 1995, the M -6.5 earthquake on June 7, 2000, the M-
6.3 earthquake on May 16, 2007, the M -6.1 earthquake on June 23, 2007
and the M, -6.8 earthquake on March 24, 2011 are represented by a green

circle, orange circle, yellow circle, pink circle, and purple circle, respectively.
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6.3 The Precursor Parameters Comparison

In addition to constrain the results of both methods, this work attempted to
compare the Z anomalies with the previous research works. The previous studies
indicated that the Z value at the location of main shock varied between Z=2.5and Z =
7.4, while the results of maximum Z value at the location of the calculable strong
earthquake of this work showed the Z value are in the same range of Z value of previous
works. Although the event of the M, -6.8 earthquake on July 11, 1995 generated Z value

= 3.0, the other calculable strong earthquakes generated high Z value (Figure 6.5).
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Therefore, it can mention that the Z-value investigation in Thailand-Laos-Myanmar
border by using Z parameter n = 50 and T, = 1.2 can generate the Z value at the location
of strong earthquake clearly and all of Z values in this work are noticeable and obvious.

Regarding to RTL algorithm, the RTL anomalies obtained in this study cannot
compare with the previous works because several previous studies did not normalized
the RTL values. However, the RTL curve of retrospective temporal investigation indicated
the similar results as previous works (some events are better). Hence, it can conclude that
the RTL investigation in Thailand-Laos-Myanmar border by using characteristic parameter
r,= 120 and t, = 2 can generate the RTL value at the location of strong earthquake clearly

and all of RTL values in this work are prominent as well.

6.4 Comparison between Z and RTL Values

Theoretically, the more values of positive Z and negative RTL, the more
quiescence were detected. Therefore, in order to constrain the obtained result, both Z

and RTL values of individual cased study was plotted as shown in Figure 6.6.
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Negative RTL Score
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Figure 6.6. The comparison between Z and RTL value prior to the a) M,-6.8 earthquake
on July 11, 1995 (green circle), b) M, -6.5 earthquake on June 7, 2000
(orange circle), c) M -6.3 earthquake on May 16, 2007 (yellow circle), d) M, -
6.1 earthquake on June 23, 2007 (pink circle) and e) M,-6.8 earthquake on
March 24, 2011 (purple circle).
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According to Figure 6.6., almost all results of this work are significant in term of
the positive value of Z, conform to the negative value of RTL. While there is only the M, -
6.8 earthquake on July 11, 1995 generated low positive Z value, it created very low RTL
value as well. This error may be caused by the lack of earthquake data for investigation
of Z value in that occurrence time. Therefore, based on reasons introduced above, it can
mention that the Z and RTL value investigation in Thailand-Laos-Myanmar borders are

interrelated.

6.5 Evolution of Seismic Quiescence Stage

Regarding to the results of the temporal variations of Z values, there are several
flat parts occurred along cumulative number curves. These flat parts lead to the
developing of several Z peaks (seismic quiescence periods) along the time-span. These
complications cause by the interruptions of seismic quiescence which come from the
vicinity severe earthquakes, especially the zone of low seismicity data because it made
the collecting radius in each node wider. However, when the Z peak developed, the main
shock was occurred subsequently after that. Then, the latest dominant Z peak, which no

main shock occurred should be monitored (Figure 6.7).
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Figure 6. 7. The examples temporal variation of the a) M, -6.5 earthquake on June 7,
2000 and b) M, -6.3 earthquake on May 16, 2007. Red dashed indicate the
occurrence time of vicinity earthquakes, black triangles indicate the

occurrence time of main shocks.
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Figure 6.8. The examples temporal RTL variation of the M -6.3 earthquake on May 16,
2007. Red dashed indicate the occurrence time of vicinity earthquake. Black

square indicate the occurrence time of the main shock.

Furthermore, the observation of Z curves and RTL curves indicate that the
occurrence time of main shocks not only arise immediately in the quiescence stage, but
also occurred after the end of quiescence duration with the variation of the time period.
For explanation the time delayed of the results of both methods, the duration between the
end of quiescence time and the occurrence time of main shock were analyzed. However,
the quiescence stages of Z value are developed for a short while before return to the
normal stage, similar to previous studies. Then, the time delay of Z value was considered
at the occurrence of quiescence time until the occurrence of the main shock. During Z-
value investigation, there is no strong earthquakes occurred in the duration of quiescence
time. The main shock of the M -6.8 earthquake on July 11, 1995, the M, -6.5 earthquake
on June 7, 2000, the M -6.3 earthquake on May 16, 2007, the M, -6.1 earthquake on June
23, 2007, and the M,-6.8 earthquake on March 24, 2011 occurred with the time delay =
9.7 years, 7.4 years, 3.4 years, 8 years, and 2.7 years, respectively. A uniform time delay
after the detection quiescence stage was also informed by previous Z value studies, i.e.,
Wu and Chiao (2006) studied the M, -7.6 Chi-Chi (Taiwan) earthquake on September 20,
1999, the results show the seismic quiescence anomalies started in January 1999, 9

months before the occurrence time of the main shock. Wu et al. (2008) analyzed the
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seismicity characteristics prior to the M, -6.8 Chengkung (Taiwan) earthquake on
December 10, 2003, the results indicate the quiescence stage generated around the end
of 2001, 2 years before the main shock occurs. Katsumata (2011) investigated the
precursory seismicity pattern changes before the M, -8.3 Takachi-oki (Japan) earthquake
on 26 September 2003, the results indicate seismic quiescence anomalies started around
the beginning of 1999 until the main shock occurs. More examples of time delay
investigated by Z value are indicated in Figure 6.3

Among the temporal variation, the RTL algorithm calculated in this work indicate
mostly RTL curve have time delay after quiescence stage before the main shock as well.
The main shock of the M, -6.8 earthquake on July 11, 1995, the M, -6.3 earthquake on May
16, 2007, the M -6.1 earthquake on June 23, 2007, and M,-6.8 earthquake on March 24,
2011 have time delay = 2.6 years, 3.09 years, 7.27 years, and 1.66 years. A similar time
delay after the quiescence stage was also informed by previous RTL algorithm studies,
e.g., Sobolev and Tyupkin (1999) reported that the investigation of the M-7 northern Gulf
of Kamchatka (Russia) earthquake on December 5, 1997 have seismic quiescence stage,
following with seismic activation stage and time delay of main shock about 1.5 years
subsequent the end of the seismic activation phase; Huang and Sobolev (2002) analyzed
the seismicity rate changes before the M -6.8 Nemuro Peninsula (Japan) earthquake on
January 28, 2000, the results indicated seismic quiescence anomalies started in 1995
with its duration time about 1.5 years until the end of 1996, after then, the seismic
activation stage appeared with the period around 0.7 year and returned to the normal
stage around 2.5 years before main shock occurs; Gambino et al. (2014) investigated
seismicity characteristic before the M, -4.8 Aeolian Archipelago (ltaly) earthquake on the
August 16, 2010, the results detected seismic quiescence stage started around 1.25
years before the main shock with its duration approximately about 6 - 7 months and
returned to the normal stage without an seismic activation stage (time delayed around 7
months before the occurrence of main shock. More examples in term of time delay
duration which investigated by RTL algorithm similarly to the results are expressed in

Figure 6.4.
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As the results mentioned above, although it seems to be that the time delay of the
Z-value investigation have a longer period than RTL algorithm investigation, both methods
still detected seismic precursor impending to the strong earthquake. Moreover, even
though the existence stage of time delay which mentioned above makes it hard to estimate
and determine the occurrence time accurately in short-term and intermediate-term
earthquake forecasting, the investigation of seismicity pattern changes by both

techniques may provide useful information for forecasting future earthquake.

6.6 Prospective Area of the Upcoming Earthquake Source

Although the limit of seismicity data, this research cannot create a present day
map by Z-value investigation and RTL algorithm, in order to constrain the Z and RTL
evaluated in this work, the obtain results were compared with b-value of FMD by Pailoplee
et al. (2013). Seismotectonically, the lower RTL and higher Z value implied the higher of
seismic quiescence. Meanwhile, the lower b of FMD relates empirically to higher stress
accumulated. After comparing all methods mentioned above, the results revealed that at
the same duration of time close to the end 2010, the regions indicate comparatively low
RTL and high Z (this study) quite conform to the comparatively low of low b mentioned by
Pailoplee et al. (2013) (Figure 6.9). The overlap anomalous areas developed around 350
km? with a NW-SE direction, covered mostly in the eastern part of Myanmar (i.e., Kentung,
Mongsat, Monghpyak, Mongyawng and Bok Hsopnam), some parts of the northern
Thailand (i.e., Chiang Mai, Chiang Rai, Phayao and Nan) and some areas in the northern
Laos (i.e., Bokeo, Luang Namtha and Xainabouli). Then, after these anomalies occurs,
there were two strong earthquakes posed in the southeast Kentung city, Myanmar (M, -
6.8 earthquake on March 24, 2011) and in the Mae Lao district, southwestern part of
Chiang Rai, Thailand (M,-6.2 earthquake on March 5, 2014). It is interpreted that the high
Z value and low-RTL areas mentioned above act presently as the quiescence area which

might be risked by the upcoming strong-to-major earthquake, including i.e., i) some areas
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in the northern part of Laos (i.e., Bokeo, Luang Namtha and Xainabouli), and ii) eastern

part of Myanmar (Shan state, for example, Ta-kaw, Mongpan). Then, some earthquake

mitigation plan should be arranged in this area.
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Spatial distribution of a) Z values evaluate at the time slice 2008.53, b) RTL

values mapped during 2010.28 — 2010.36 time span, and c) b values

analyze from the seismicity data recorded during 1984 — 2010, modified

after Pailoplee et al. (2013). Blue and black star indicate the M,-6.8

earthquake on March 24, 2011 and M,-6.2 earthquake on March 5, 2014,

respectively.
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6.7 Stochastic Test of Z Value and RTL Score

According to Huang (2005), in order to constrain that the anomalous areas of Z
value and RTL algorithm investigation are not involved the random phenomena of
earthquake occurrence, the statistical method call stochastic test is recognized here. For
explaining the details of stochastic test, at first, the random seismicity catalogues (e.g., N
= 10,000) were produced by randomizing the space (longitude and latitude) and time of
earthquake data. Afterward, for each random catalogue, the Z value and RTL parameter
were computed at the location of main shock of the investigated strong earthquake (see
Tables 4.1 and 5.1). The identical criteria applied in the computations for the real
catalogue were chosen in the investigations. After quantifying the positive anomaly of Z
value and the negative anomaly of the RTL parameter, one can consider whether Z and
RTL anomaly appear or not. Eventually, one can analyze the Z value and RTL parameters
at the location of main shock for all random catalogues and estimate the probability of
occurrence of Z and RTL anomaly. Based on Huang (2005), in order to corroborate that
the Z and RTL anomalies are not synthesized, the expected probability of the observed Z
and RTL anomalies before the occurrence of strong earthquake should be nearly 0.

After investigating stochastic of the positive Z and the negative RTL anomalies,
the results indicated that the probability of the Z value is higher than that obtained from
the RTL algorithm. Statistically, it can mention that the anomalies of RTL algorithm are
more significant than the anomalies of Z parameter. The detailed study of stochastic of Z
value and RTL parameter impending to the occurrence strong earthquake in Thailand-
Laos-Myanmar border shown in Figures 6.10 and 6.11. Therefore, using RTL algorithm
analysis precursory seismicity rate change in Thailand-Laos-Myanmar borders generate

more reliable anomalies than Z.
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6.8 Correlation Coefficient of RTL Algorithm

Regarding to several studies of RTL algorithm which mentioned that the
characteristic parameters (r, and t,) affect directly to the RTL investigation (Chen and Wu,
2006; Huang, 2004; Huang and Sobolev, 2002; Huang et al., 2001). Therefore, in order to
observe such changes, this work repeated the RTL calculations by using the different
characteristic RTL parameters, subsequently plotted the results of RTL curves at each
conditions for considering the suitable characteristic RTL parameters. Furthermore, after
varied that conditions, this research also computes the correlation coefficient in each
condition of strong earthquake for determining whether the values of two variables are
associated. For simplification briefly, the suitable condition r, = 120 km and t, = 2 years
were calculated for correlation coefficient by comparison with different RTL conditions
which increase/decrease r, = 25 km and increase/decrease t, = 0.5 years from the
suitable characteristic RTL parameter used in this study. Then, the significance in each
correction coefficient was considered by using Pearson correlation coefficient r (P-value).
If the P-value probability is lower than the conventional 5% (P < 0.05) the correlation
coefficient is called statistically significant. Hence, the maximum level of P-value for
determining whether the anomalies are random samples or normal distribution was set as
0.05, based on Bendat and Piersol (2000).

After evaluating the correlation coefficient in each strong earthquake which found
anomalous areas in the study area, the statistical analysis implied that mostly the
conditions listed in Table 6.1 correlated at a significance of 0.05. The explanations of
correlation coefficients in each strong earthquake which have anomaly in the study area
can be described as follow;

i) Due to the calculation correlation coefficient of the M -6.8 earthquake on July
11, 1995, the condition i) r, = 95 km, t, = 2 years ii) r, = 120 km, t, = 1.5 years and r, =
120 km and f, = 3 years are significant to the suitable condition with P-value < 0.05.
Moreover, even though the condition r, = 95 km, t, = 2 years seem to have very low value
of correlation coefficient (correlation coefficient < 0.30), it still significant with P-value <

0.05 as well. However, the results of the condition r, = 145 km, t, = 2 years indicate that it
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is not significant to the suitable condition. The problem may come from the low density of
the earthquake data in that year. More R, but less seismicity data may provide the very
large anomalous areas which can affect to the results of correlation analysis not
significant.

ii) Regarding to the calculation correlation coefficient of the M, -6.5 earthquake on
June 7, 2000, the M, -6.3 earthquake on May 16, 2007, the M -6.1 earthquake on June 23,
2007 and the M -6.8 earthquake on March 24, 2011 the condition i) r, = 95 km, t, = 2
years ii) r,= 120 km, t, = 1.5 years and r, = 120 km and ¢, = 3 years and iv) r, = 145 km,
t, = 2 years are significant to the suitable condition with P-value < 0.05. Although the
different RTL characteristic condition of the M,-6.5 earthquake on June 7, 2000 and the
M -6.8 earthquake on March 24, 2011 indicated high (correlation coefficient > 0.70 — 0.90)
and very high (correlation coefficient > 0.90 — 1.00) correlation with suitable condition, the
M,-6.3 earthquake on May 16, 2007 and the M, -6.1 earthquake on June 23, 2007 showed
the moderated correlation coefficient (correlation coefficient > 0.50 — 0.70). This result
may be caused by the epicenter of the M,-6.3 earthquake on May 16, 2007 and the M, -
6.1 earthquake on June 23, 2007 are locate nearly in space and time. Then, the
quiescence area of both earthquakes may interrupt each other. However, it can mention
that the suitable condition r, = 120 km and t, = 2 years has potential to investigate
earthquake precursor. Furthermore, this can support that the anomaly of seismic
quiescence, which was detected before a strong and major earthquakes in Thailand-
Laos-Myanmar borders is not an artificial anomaly due to the selections of characteristic
RTL parameters.

In order to constrain the result of correlation coefficient, this work also plots the
RTL score against time in each strong earthquake. The results from this analysis reveal
that, even though the characteristic RTL parameters r, and t, was changed, almost
seismic quiescence stages are started in the same duration. These can constrain that the
seismic quiescence stages, which was investigated before a strong earthquake in

Thailand-Laos-Myanmar borders is not a fortuitous calculation due to the selections of
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characteristic RTL parameters. The temporal variations of varying different characteristic

RTL parameters were indicated in Figures 6.12 - 6.16.

Table 6.1.  Correlation of RTL values between different characteristic parameters r, and

t, of the i) M,-6.8 earthquake on July 11, 1995, ii) M -6.5 earthquake on June

7, 2000, iii) M,-6.3 earthquake on May 16, 2007, iv) M, -6.1 earthquake on

June 23, 2007 and v) M, -6.8 earthquake on March 24, 2011. Case A

represents the suitable values of independent characteristic parameters

that we used for investigate precursory seismicity changes before the strong

and major earthquake, case B represents the different characteristic RTL

parameters that we used for comparison with suitable condition.

i) The M -6.8 earthquake on July 11, 1995

Cases A r, =120 km, t,= 2.0 years
B r, =95 km r,=145kKm t,=15Years t,=2.5Years
Correlation between A and B 0.16 0.04 0.71 0.91
P-value 0.003383 0.500797 <0.00001 <0.00001
ii) The M, -6.5 earthquake on June 7, 2000
Cases A r, =120 km, t,= 2.0 years
B r,=95km r,=145kKm t,=15Years t,=25Years
Correlation between A and B 0.84 0.71 0.95 0.95
P-value <0.00001 <0.00001 <0.00001 <0.00001




iii) The M,-6.3 earthquake on May 16, 2007

100

Cases A r,=120 km, t,= 2.0 years
B r,=95km r,=145km t,=15Years t,=25Years
Correlation between A and B 0.68 0.66 0.68 0.64
P-value <0.00001 <0.00001 <0.00001 <0.00001
iv) The M -6.1 earthquake on June 23, 2007
Cases A r, =120 km, t,= 2.0 years
B r,=95km r,=145kKm t,=15Years t,=2.5 Years
Correlation between A and B 0.57 0.51 0.61 0.85
P-value <0.00001 <0.00001 <0.00001 <0.00001
v) The M,-6.8 earthquake on March 24, 2011
Cases A r,=120 km, t,= 2.0 years
B r, =95 km r,=145Km t,=15Years t,=2.5 Years
Correlation between A and B 0.87 0.82 0.82 0.90
P-value <0.00001 <0.00001 <0.00001 <0.00001
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M,-6.8 earthquake on July 11, 1995. Grey shade indicated the duration of

quiescence which is used to generate spatial distribution in Figure 5.2.
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Figure 6.13. Temporal variation of RTL scores (grey lines) evaluate from different

characteristic parameter. Black circles denote the occurrence time of the

M,-6.5 earthquake on June 7, 2000. Grey shade indicated the duration of

quiescence which is used to generate spatial distribution in Figure 5.3.
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Figure 6.14. Temporal variation of RTL scores (grey lines) evaluate from different

characteristic parameter. Black circles denote the occurrence time of the
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quiescence which is used to generate spatial distribution in Figure 5.4.
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Figure 6.15. Temporal variation of RTL scores (grey lines) evaluate from different

characteristic parameter. Black circles denote the occurrence time of the
M,-6.1 earthquake on June 23, 2007. Grey shade indicated the duration of

quiescence which is used to generate spatial distribution in Figure 5.5.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

This work attempt to investigate the precursory seismicity rate changes before the
occurrence of strong earthquakes in Thailand-Laos-Myanmar borders by using
simultaneously both Z value and RTL algorithm. The obtained results lead to the

conclusions and recommendations as follows;

7.1 Conclusions

According to all results of the completeness of seismicity data, Z and RTL value
investigation in Thailand-Laos-Myanmar borders, it can be conclude that:

i) The completeness of seismicity data can provide the homogenous catalogues
which directly relate to the tectonic activities.

ii) By using the characteristic parameters of Z, i.e., the number of earthquake (n)
= 50 events, time window (7,) = 1.2 years, including the fixed radius = 250 km of
earthquake considering, the results of Z value investigation found 5 seismicity precursors
from 8 strong earthquakes, 4 of 5 calculable anomalous areas can forecast the
occurrence location of strong earthquakes.

iii) Moreover, by applying the characteristic RTL parameter with characteristic
distance r, = 120 km, characteristic time-span t, = 2 and fixed the minimum number of
collecting earthquake events (n) = 30, the results of RTL value investigation can detect 5
seismicity precursors from 8 strong earthquakes, all of those anomalies areas can forecast
the occurrence location of strong earthquakes.

iv) The cumulative number curves of Z value investigation indicate the duration
time between the detection quiescence stage and the occurrence time of strong
earthquake varies in the range of intermediate-term forecasting.

v) The RTL curves investigation also indicate the duration time between the

detection quiescence stage and the occurrence time of strong earthquake varies in the
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range of intermediate-term forecasting except the event of M, -6.1 earthquake on June 23,
2007.

vi) In this work, Z value at the epicenter of earthquake varies in the acceptable
range when compared to previous works. Almost results from this work can generated
high Z value.

vii) In this work, although the normalized RTL values at the location of main shock
are not comparable with previous studies, the temporal variation of RTL curve cleary
indicate seismic quiescence similar to previous researches.

viii) The comparison between Z value and normalized RTL can indicate that the
more positive Z corresponding to the more negative RTL significantly.

ix) Results of both methods in this work indicate that the main shocks occurred
after the quiescence stage with a moment of time delay. That means, the main shocks not
need to occur in the duration of quiescence stage. They can occur after the end of
quiescence stage with variation of time delay. Even though the existence stage of time
delay which mentioned above makes it hard to estimate and determine the occurrence
time accurately in short-term earthquake forecasting, the investigation of seismicity
pattern changes both techniques may provide useful information for forecasting future
earthquake.

x) The comparison of Z, b, and RTL parameter distribution reveal that the regions
indicate comparatively low RTL and high Z (this study) quite conform to the area with
comparatively low b value at the same duration. Moreover, the latest spatial map (during
2008 and 2010) of these methods indicates the overlap anomalous areas around
Kengtung and Chiang Rai city followed by the M, -6.8 earthquake on March 24, 2011 and
M, 6.8 earthquake on March 5, 2014, respectively. Then, the overlap area without
subsequent by strong earthquake may be at risk to impending earthquake.

xi) Although both Z and RTL methods can investigate seismic precursor prior to
main shock in Thailand-Laos-Myanmar borders, the stochastic test of RTL algorithm

indicate a more reliable probability than Z investigation.
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xii) The correlation coefficient analysis of RTL algorithm (this work) indicates that
almost all of the quiescence anomalies correlate at a significance of 0.05. Hence, the
quiescence anomalies in Thailand-Laos-Myanmar borders, which are detected before the
occurrence of strong earthquakes by using RTL algorithm, are not artificial anomalous

and are meaningful for earthquake forecasting.

7.2 Recommendations

According to the usable seismicity data in Thailand-Laos-Myanmar borders
started in 1982 and ended in 2012, the result obtained in this study was therefore scoped
in specific short time period. Hence, for supporting the accuracy and reliability of further
researches, the seismic recording networks in Thailand-Laos-Myanmar borders should
be developed and improved. Furthermore, even though the Z and RTL value investigation
can analyze seismic precursor in Thailand-Laos-Myanmar borders, the location and the
occurrence time of main shock still cannot determine specifically. Then, in order to solve
these unclear problems, the further study about Z, RTL or others algorithm in Thailand-
Laos-Myanmar borders may strengthen the understanding of the activity of strong and
major earthquakes in this area and provide more useful information for estimating the

future hazard areas.
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APPENDICES



APPENDIX A

VARIATION OF CHARACTERISTIC Z PARAMETERS



Table A.1.  The example list of calculated strong earthquake (MWZ 6.0) that it detected

seismic quiescence anomaly after investigating Z value in Thailand-Laos-
Myanmar borders (16.76° — 22.30°N and 97.48° — 103.16°E) by using
different characteristic Z parameters. The yellow highlighted indicate the
condition, which used in this study. The parameters N, Q,, Z and Q-time
indicate the number of investigating events, starting time of seismic
quiescence, maximum of Z values at the epicenter of strong earthquakes
and the duration between the starting time of seismic quiescence and the
occurrence time of main shock, respectively.

N T, Lon Lat Year Mag Radius Q, Z,. Qtime

(Year) (Deg) (Deg) (M,) (km) (Year) (Year)

25 1 99.3 22 1984.31 6.3 360.53 1982.15 0.4 2.2

25 1 98.91 20.43 1989.74 6.2 192.89 1984.33 45 5.4

25 1 99.16 21.93 1995.53 6.8 132.31 1992.35 4.7 3.2

25 1 101.895 18.773  2000.43 6.5 216.16 1991.01 3.8 9.4

25 1 100.96 20.57 2007.37 6.3 128.13 2003.93 46 3.4

25 1 99.95 21.44 2007.48 6.1 112.63 2005.66 4.9 1.8

25 1 99.822 20.687  2011.23 6.8 118.89 2007.96 4.9 3.3

25 15 99.3 22 1984.31 6.3 360.53 1982.64 0.4 1.7

25 1.5 98.91 20.43 1989.74 6.2 192.89 1984.33 2.9 5.4

25 15 99.16 21.93 1995.53 6.8 132.31 1992.35 47 3.2

25 15 101.895 18.773  2000.43 6.5 216.16 1991.01 3.8 9.4

25 15 100.96 20.57 2007.37 6.3 128.13 2003.93 46 3.4

25 15 99.95 21.44 2007.48 6.1 112.63 1995.61 4.9 11.9

25 15 99.822 20.687  2011.23 6.8 118.89 2007.96 4.9 3.3

25 2 99.3 22 1984.31 6.3 360.53 1981.99 0.3 2.3

25 2 98.91 20.43 1989.74 6.2 192.89 1984.33 2.6 5.4

25 2 99.16 21.93 1995.53 6.8 132.31 1992.35 47 3.2

25 2 101.895 18.773  2000.43 6.5 216.16 1991.01 3.8 9.4

25 2 100.96 20.57 2007.37 6.3 128.13 2003.93 46 3.4

25 2 99.95 21.44 2007.48 6.1 112.63 1995.61 49 11.9

25 2 99.822 20.687  2011.23 6.8 118.89 1997.07 4.9 14.2

25 25 99.3 22 1984.31 6.3 360.53 1981.99 0.3 2.3

25 2.5 98.91 20.43 1989.74 6.2 192.89 1984.33 2.4 5.4
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2007.37
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2011.23
1984.31
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2000.43
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360.53
192.89
132.31
216.16
128.13
112.63
118.89
360.53
192.89
132.31
216.16

1989.16
1991.01
2003.93
1995.61
1992.08
1981.99
1983.6
1992.35
1991.01
2003.93
1987.94
1981.99
1983.64
1988.21
1991.01
2003.74
1987.94
1981.99
1982.49
1988.21
1991.01
1990.55
1987.94
1981.99
1982.49
1989.16
1991.01
1985.83
1981.99
1981.99
1989.16
1991.01
1983.49
1985.83
1981.99
1981.99
1981.99
1989.16
1991.01

4.7
3.8
4.6
4.9
4.9
-0.3
2.3
2.2
3.8
4.6
4.9
-0.3

1.8
3.8
21
4.9
-0.3
21

3.8
2.4
4.9
-0.3
2.2
1.3
3.8
2.8
-0.3
2.3
1.7

29
3.1

4.9
-0.3
1.6

3.1

114

6.4
9.4
3.4
11.9
19.1
2.3
6.1
3.2
9.4
3.4
19.5
2.3
6.1
7.3
9.4
3.6
19.5
2.3
7.3
7.3
9.4
16.8
19.5
2.3
7.3
6.4
9.4
21.6
2.3
7.8
6.4
9.4
23.9
21.6
29.2
2.3
7.8
6.4
9.4



25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50

0.5
0.5
0.5
0.5
0.5
0.5

1.2
1.2
1.2
1.2
1.2

100.96
99.95
99.822
99.3
98.91
99.16
101.895
100.96
99.95
99.822
99.3
98.91
99.16
101.895
100.96
99.95
99.3
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
99.16
101.895
100.96
99.95
99.822
99.16
101.895
100.96
99.95
99.822

20.57
21.44
20.687
22
20.43
21.93
18.773
20.57
21.44
20.687
22
20.43
21.93
18.773
20.57
21.44
22
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
21.93
18.773
20.57
21.44
20.687
21.93
18.773
20.57
21.44
20.687

2007.37
2007.48
2011.23
1984.31
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1984.31
1989.74
1995.53
2000.43
2007.37
2007.48
1984.31
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1995.53
2000.43
2007.37
2007.48
2011.23
1995168
2000.43
2007.37
2007.48
2011.23

6.3
6.1
6.8
6.3
6.2
6.8
6.5
6.3
6.1
6.8
6.3
6.2
6.8
6.5
6.3
6.1
6.3
6.2
6.8
6.5
6.3
6.1
6.8
6.2
6.8
6.5
6.3
6.1
6.8
6.8
6.5
6.3
6.1
6.8
6.8
6.5
6.3
6.1
6.8

128.13
112.63
118.89
360.53
192.89
132.31
216.16
128.13
112.63
118.89
360.53
192.89
132.31
216.16
128.13
112.63
360.53
192.89
132.31
216.16
128.13
112.63
118.89
278.45
221.26
319.98
188.41
148.53
147.98
221.26
319.98
188.41
148.53
147.98
379.62
319.98
188.41
148.53
147.98

1981.99
1985.83
1981.99
1981.99
1982.49
1988.63
1989.78
1981.99
1985.83
1981.99
1981.99
1981.99
1988.86
1989.78
1981.99
1987.94
1981.99
1981.99
1988.21
1989.47
1991.54
1987.94
1981.99
1982.49
1992.39
1999.25
2005.66
2006.08
2010.22
1990.55
1993.08
2005.66
1999.52
2008.53
1985.83
1993.08
2003.93
1999.52
2008.53

21
3.3
4.9
-0.3
1.1
1.5
3.2
23
3.5
4.9
-0.3
1.3
1.4
2.8
2.5
2.7
-0.3
-0.4
0.9
25
0.8
2.9
3.5
6.6
6.4

6.8
6.9
6.8
25

6.9
6.9
6.8

6.9
7.0
6.8

25.4
21.6
29.2
2.3
7.3
6.9
10.7
25.4
21.6
29.2
2.3
7.8
6.7
10.7
254
19.5
2.3
7.8
7.3
"
15.8
19.5
29.2
7.3
3.1
1.2
1.7
1.4

7.4
1.7

2.7
9.7
7.4
3.4

2.7



50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50

99.16
101.895
100.96
99.95
99.822
99.16
101.895
100.96
99.95
99.822
99.16
101.895
100.96
99.95
99.822
99.16
101.895
100.96
99.95
99.822
99.16
101.895
100.96
99.95
99.822
99.16
101.895
100.96
99.95
99.822
99.16
101.895
100.96
99.95
99.822
99.16
101.895
100.96
99.95

21.93
18.773
20.57
21.44
20.687
21.93
18.773
20.57
21.44
20.687
21.93
18.773
20.57
21.44
20.687
21.93
18.773
20.57
21.44
20.687
21.93
18.773
20.57
21.44
20.687
21.93
18.773
20.57
21.44
20.687
21.93
18.773
20.57
21.44
20.687
21.93
18.773
20.57

21.44

1995.53
2000.43
2007.37
2007.48
2011.23
1995.53
2000.43
2007.37
2007.48
2011.23
1995.53
2000.43
2007.37
2007.48
2011.23
1995.53
2000.43
2007.37
2007.48
2011.23
1995.53
2000.43
2007.37
2007.48
2011.23
1995.53
2000.43
2007.37
2007.48
2011.23
1995.53
2000.43
2007.37
2007.48
2011.23
1995.53
2000.43
2007.37
2007.48

6.8
6.5
6.3
6.1
6.8
6.8
6.5
6.3
6.1
6.8
6.8
6.5
6.3
6.1
6.8
6.8
6.5
6.3
6.1
6.8
6.8
6.5
6.3
6.1
6.8
6.8
6.5
6.3
6.1
6.8
6.8
6.5
6.3
6.1
6.8
6.8
6.5
6.3
6.1

221.26
319.98
188.41
148.53
147.98
221.26
319.98
188.41
148.53
147.98
221.26
319.98
188.41
148.53
147.98
221.26
319.98
188.41
148.53
147.98
221.26
319.98
188.41
148.53
147.98
221.26
319.98
188.41
148.53
147.98
221.26
319.98
188.41
148.53
147.98
221.26
319.98
188.41
148.53

1985.33
1993.08
2003.93
1992.35
1992.08
1989.16
1992.08
2003.93
1992.35
1992.08
1984.6
1992.08
2003.93
1992.35
1992.08
1984.14
1991.54
2003.74
1992.35
1984.33
1983.72
1991.01
1993.08
1983.72
1984.33
1983.07
1990.55
2002.51
1990.55
1984.33
1981.99
1989.78
1992.16
1990.58
1983.3
1981.99
1983.49
1983.49
1995.61

23
2.7
6.9
6.9
6.8
2.4
3.5
2.7
6.9
6.8
3.1
2.9
3.4

6.8
2.5
2.7
2.6

6.8
22
25
21
3.1
6.8
1.5
24
1.9
2.7
6.8
1.4
2.3
2.3
2.4
4.8
1.9
2.3
21
22

116

10.2
7.4
3.4

15.1

19.1
6.4
8.4
3.4

16.1

19.1

10.9
8.4
3.4

15.1

19.1

1.4
8.9
3.6

16.1

26.9

11.8
9.4

14.3

23.8

26.9

12.5
9.9
4.9

16.9

26.9

13.5

10.7

156.2

16.9

27.9

13.5

16.9

23.9

11.9



50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75

0.5
0.5
0.5
0.5
0.5
0.5

1.5
1.5
1.5
1.5
1.5
1.5

99.822
99.16
101.895
100.96
99.95
99.822
99.16
101.895
100.96
99.95
99.822
99.16
101.895
100.96
99.95
99.822
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822

20.687
21.93
18.773
20.57
21.44
20.687
21.93
18.773
20.57
21.44
20.687
21.93
18.773
20.57
21.44
20.687
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687

2011.23
1995.53
2000.43
2007.37
2007.48
2011.23
1995.53
2000.43
2007.37
2007.48
2011.23
1995.53
2000.43
2007.37
2007.48
2011.23
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23

6.8
6.8
6.5
6.3
6.1
6.8
6.8
6.5
6.3
6.1
6.8
6.8
6.5
6.3
6.1
6.8
6.8
6.5
6.3
6.1
6.8
6.2
6.8
6.5
6.3
6.1
6.8
6.2
6.8
6.5
6.3
6.1
6.8
6.2
6.8
6.5
6.3
6.1
6.8

147.98
221.26
319.98
188.41
14853
147.98
221.26
319.98
188.41
14853
147.98
221.26
319.98
188.41
148.53
147.98
221.26
319.98
188.41
148.53
147.98
371.57
254.44
378.87
217.61
177.64
177.41
371.57
254.44
378.87
217.61
177.64
177.41
371.57
254.44
378.87
217.61
177.64

177.41

1983.3
1981.99
1991.01
1983.03
1989.28

1983.3
1981.99
1990.55
1990.55
1989.28
1981.99
1981.99
1989.78
1981.99
1988.21
1981.99

1984.6
1989.47
1992.16
1988.21
1981.99
1985.87
1990.55
1998.52
2005.77
2006.08
2010.38
1985.98
1990.55
1997.07
2005.77
1999.75
1997.07
1985.14
1989.78
1983.68
1993.08
1992.39
1992.65

5
1.4
1.9
1.9
25
4.2

1.9
1.8
24
4.4
1.2
1.6
2.2
2.7
4.7
1.1
1.7
1.2
2.6
2.9
3.6
8.3
7.4
7.9
8.5
7.9
2.9
2.4
2.8
7.9
8.5
7.9
1.9
2.2
4.2
3.1
8.5
7.9

27.9
13.5
9.4
24.3
18.2
27.9
13.5
9.9
16.8
18.2
29.2
13.5
10.7
25.4
19.3
29.2
10.9
11
16.2
19.3
29.2
3.9

1.9
1.6
1.4
0.9
3.8

3.4

1.6

7.7
14.2
4.6

5.7
16.8
14.3
15.1
18.6



75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75

98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895

20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773

1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43

6.2
6.8
6.5
6.3
6.1
6.8
6.2
6.8
6.5
6.3
6.1
6.8
6.2
6.8
6.5
6.3
6.1
6.8
6.2
6.8
6.5
6.3
6.1
6.8
6.2
6.8
6.5
6.3
6.1
6.8
6.2
6.8
6.5
6.3
6.1
6.8
6.2
6.8
6.5

371.57
254.44
378.87
217.61
177.64
177.41
371.57
254.44
378.87
217.61
177.64
177.41
371.57
254.44
378.87
217.61
177.64
177.41
371.57
254.44
378.87
217.61
177.64
177.41
371.57
254.44
378.87
217.61
177.64
177.41
371.57
254.44
378.87
217.61
177.64
177.41
371.57
254.44
378.87

1984.6
1989.82
1997.07
1992.35
1992.39
1992.65
1984.48
1989.16
1992.08
1992.16
1992.39
1985.83

1984.6
1988.86
1991.77
1985.25
1992.39
1985.25

1984.6
1983.72
1991.01
1984.33
1984.33
1990.55
1984.52
1983.07
1990.55
1984.33
1995.61
1990.55
1982.53
1982.53
1989.82
1983.49
1995.61
1990.58
1981.99
1981.99
1990.35

1.9
2.7
2.8
2.6
8.5

1.9
2.6
2.9
24
5.1
4.5
1.7
1.8
2.4
2.3
3.2
3.6
1.3
1.5
2.6
2.3
2.6
3.2
1.2
1.1
2.8
2.9
2.4
3.7
1.6
1.2
2.9
2.3
2.4
2.8
1.7
1.6
24

118

5.1
5.7
3.4
15
15.1
18.6
5.3
6.4
8.4
156.2
15.1
25.4
5.1
6.7
8.7
22.1
15.1
26
5.1
11.8
9.4
23
231
20.7
5.2
12.5
9.9
23
11.9
20.7
7.2
13
10.6
23.9
11.9
20.6
7.8
13.5
10.1



75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
100
100
100
100
100
100
100
100
100
100
100
100
100

0.5
0.5
0.5
0.5
0.5
0.5

1.5

100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91

20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43

2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74

6.3
6.1
6.8
6.2
6.8
6.5
6.3
6.1
6.8
6.2
6.8
6.5
6.3
6.1
6.8
6.8
6.5
6.3
6.1
6.8
6.2
6.8
6.5
6.3
6.1
6.8
6.2
6.8
6.5
6.3
6.1
6.8
6.2
6.8
6.5
6.3
6.1
6.8
6.2

217.61
177.64
177 .41
371.57
254.44
378.87
217.61
177.64
177 .41
371.57
254.44
378.87
217.61
177.64
177.41
254.44
378.87
217.61
177.64
177 .41
371.57
254.44
378.87
217.61
177.64
177 .41
4316
295.75
438.43
241.85
207.42
206.42
4316
295.75
438.43
241.85
207.42
206.42
4316

1983.49
1995.61
1990.35
1982.07
1981.99
1989.82
1983.03
1995.61
1989.78
1982.07
1982.53
1990.55
1990.55
1992.39
1981.99
1981.99
1989.82
1981.99
1992.39
1981.99
1982.07
1984.6
1989.51
1989.47
1992.39
1992.65
1985.9
1990.55
1998.52
2006.08
2006.08
2010.38
1985.98
1989.82
1984.33
1995.61
1995.61
1997.07
1985.14

2.8
2.9
2.7
1.7
1.5
2.5
1.9
2.5
2.6
1.4
0.9
21
1.7

2.4
1.3
2.3
1.6
21

2.8
-0.2
1.4
1.7
0.9
25

3.2
8.4

9.4
9.5
9.1

3.5

9.5
9.5
9.1
1.9

119

23.9
11.9
20.9
7.7
13.5
10.6
24.3
11.9
21.4
7.7
13
9.9
16.8
15.1
29.2
13.5
10.6
25.4
16.1
29.2
7.7
10.9
10.9
17.9
156.1
18.6
3.8

1.9

1.3

1.4

0.9

3.8

5.7
16.1
11.8
11.9
14.2
4.6



100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96

21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57

1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37

6.8
6.5
6.3
6.1
6.8
6.2
6.8
6.5
6.3
6.1
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6.5
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6.5
6.3
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6.8
6.5
6.3
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6.5
6.3
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6.2
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6.5
6.3

295.75
438.43
241.85
207.42
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431.6
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241.85
207.42
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295.75
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241.85
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431.6
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438.43
241.85
207.42
206.42
431.6
295.75
438.43
241.85
207.42
206.42
431.6
295.75
438.43
241.85
207.42
206.42
431.6
295.75
438.43
241.85

1989.78
1983.68
1993.08
1992.62
1992.69
1984.33
1989.82
1983.68
1992.39
1992.62
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1984.48
1989.16
1992.16
1985.83
1984.33
1997.07
1983.91
1988.86
1989.82
1985.25
1992.39
1995.8
1983.49
1984.33
1990.55
1984.33
1995.61
1995.8
1984.52
1984.33
1990.55
1984.33
1995.61
1995.61
1982.53
1983.91
1989.82
1983.72
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1.6
3.7
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3.1
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2.4
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3.7
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99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822
98.91
99.16
101.895
100.96
99.95
99.822

21.44
20.687
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687
20.43
21.93
18.773
20.57
21.44
20.687

2007.48
2011.23
1995.53
2000.43
2007.37
2007.48
2011.23
1989.74
1995.53
2000.43
2007.37
2007.48
2011.23
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2000.43
2007.37
2007.48
2011.23
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6.5
6.3
6.1
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6.8
6.5
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6.1
6.8

207.42
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295.75
438.43
241.85
207.42
206.42
431.6
2956.75
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241.85
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431.6
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438.43
241.85
207.42
206.42

1992.39
1990.58
1981.99
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1989.82
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1990.55
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1992.65
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21
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1.4
0.9
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1.6
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2.2
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121

15.1
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14.9
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6.2
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Table B.1.  The example list of calculated strong earthquake (M, 2 6.0) that it detected

seismic quiescence anomaly after investigating RTL score in Thailand-Laos-
Myanmar borders (16.76° — 22.30°N and 97.48° — 103.16°E) by using
different characteristic RTL parameters. The yellow highlighted indicate the
condition, which used in this study. The parameters N, Q,, RTL, and Q-time
indicate a minimum number of investigating events, starting time of seismic
quiescence, minimum of RTL scores at the epicenter of strong earthquakes
and the duration between the starting time of seismic quiescence and the

occurrence time of main shock, respectively.

Riax T ax Lon Lat Year Mag N Q, RTL Q-time
(km) (Year) (Deg) (Deg) (M,) (Year) (Year)

190 1 102.578  21.363 198348 6.3 3 198345  -0.713322598 0

190 1 99.3 22 1984.31 6.3 6 198391 -0.705186748 0.4
190 1 98.91 2043 198974 62 23 1987.71  -0.207197939 2

190 1 99.16 2193 199553 6.8 38 1992.39  -0.700715355 3.1

190 1 101.895 18773 200043 65 14 1996.76 -1 3.7
190 1 10096 2057  2007.37 63 52 198947  -0.687712524 17.9
190 1 99.95 21.44 200748 6.1 89 199565  -0.538589298 11.8
190 1 99.822  20.687 201123 68 88  2007.58  -0.854924648 3.7
190 15 99.3 22 1984.31 6.3 6 198391  -0.168241638 0.4
190 15 98.91 2043 198974 62 23 198817  -0.242460424 16
190 15 99.16 2193 199553 6.8 38 1984.33  -0.457683114 11.2
190 15 101.895  18.773 200043 6.5 14 199676  -0.97553306 3.7
190 15 10096 2057  2007.37 63 52 1989.82  -0.958449648 176
190 15 99.95 21.44 200748 6.1 89 199565  -0.495506998 11.8
190 15 99.822  20.687 201123 6.8 88  2007.58  -0.561524475 3.7
190 2 99.3 22 1984.31 6.3 6  1984.02 0 0.3
190 2 98.91 2043 1989.74 6.2 23 1988.63  -0.301273094 1.1

190 2 99.16 2193 199553 6.8 38 1989.2  -0.804524402 6.3
190 2 101.895  18.773 200043 6.5 14 1996.76  -0.477107684 3.7
190 2 10096 2057  2007.37 63 52 1990.55  -0.731768743 16.8
190 2 99.95 21.44 200748 6.1 89  1988.93  -0.341762433 185
190 2 99.822  20.687 201123 6.8 88  2007.58 -1 3.7
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2000.06
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1988.93
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1989.28
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2000.06

1990.55
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2007.58
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1992.39
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-0.468647041
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-0.162891445

-0.783602131

-0.636719664

-0.290611473

-0.581584371
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-1

-0.786074681
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-0.810567511

-0.530276979
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-1
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-0.84289893
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-0.675379107

-0.57336685

-0.861929383
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