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Abstract. Ambient Noise Tomography (ANT) was employed using data from 52 seismic stations — 26 Key words:

from the Thai Meteorological Network and 26 from surrounding networks, collected over a specific
time frame. Dispersion curves were systematically stacked over three-month intervals to mitigate
seasonal variations, accepting only those with SNR > 2 and SD < 0.1 km-s™. Rigorous parameter tests
validated the methodology, which was found to be particularly appropriate for seismic investigations
in the geologically complex regions of Thailand, the Malaysia Peninsula and the Thailand Peninsula,
emphasising the Central Basin. The study generated detailed Rayleigh-wave group-velocity maps,
revealing significant lateral variations in seismic velocities. High-velocity zones were predominantly
associated with the Shan-Thai Terrane, whereas low-velocity areas were observed in Northern
Thailand, the West-Burma Terrane and the Khorat Plateau. Comparative analysis with existing studies
corroborates the validity of our methodology. The results provide a detailed characterisation of the
seismic landscape, encompassing structures from the upper crust to deeper features such as the
mid-crustal Conrad discontinuity. This study has wider implications for earthquake preparedness and
resource exploration, while also acknowledging specific limitations associated with data constraints.
Overall, this study affirms the effectiveness of ANT as an invaluable tool for seismic research in regions
with intricate geological histories and active tectonic settings.
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Introduction

Thailand, bordered by Cambodia, Laos, Malaysia
and Myanmar, is a seismically active region with
15 major fault zones contributing to its complex
seismic landscape (Kosuwan et al. 2018). Notable
among these are the Mae Ping and Three Pagodas
fault zones, which feature North-west-South-east
(NW-SE) directions with left-lateral and right-lateral
strike slips (Searle and Morley 2011). Additionally,
the Sagaing fault zone in Burma connects to the Mae
Ping fault zone and exhibits a right-lateral strike-slip.

The southern region is characterised by the Khlong
Marui and Ranong fault zones, both with left-lateral
strike slips, while the northern part of Thailand hosts
complex fault systems with varying directions and
lateral movements. Recent GPS measurements have
also indicated active right-lateral movements in the
Ailao Shan-Red River shear zone. These intricate fault
systems are crucial for understanding seismic wave
propagation and significantly contribute to the seismic
hazards in Thailand and its surrounding regions (see
Fig. 1 for geological structures).

Seismic hazards in Thailand are primarily caused
by the movement of tectonic plates along fault zones.
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There are seismic hazards in the northern, southern
and western regions of Thailand. During the period
from 2007 to 2017, the Seismological Bureau of
the Thai Meteorological Department reported
a total of over 2,000 earthquakes in Thailand (Thai
Meteorological Department 2018). These earthquakes
exhibit a wide range of magnitudes, and, despite the
majority being minor and remaining undetected by
the general populace, there exists the potential for
larger and more destructive quakes to occur in the
future.

Although a multitude of studies have investigated
the seismic characteristics of Thailand and adjacent
regions, the majority have concentrated on
conventional seismological methodologies or have
been confined to particular fault zones (Searle and
Morley 2011; Kosuwan et al. 2018). Furthermore,
existing research has often concentrated on the Shan-
Thai and Indo-China Terranes individually, without
providing a comprehensive, high-resolution map of
crustal structures across these terranes (Stokes et al.
1996; Cobbing 2011). This leaves a critical gap in
our understanding of the subsurface geology at the
intersection of these terranes and its implications
for seismic activity. Our study seeks to address this
research gap by employing the ANT to develop
comprehensive Rayleigh-wave group-velocity maps
for Thailand and its surrounding regions. Thereby, we
provide a more detailed understanding of the crustal
heterogeneity across these terranes, thus contributing
to the seismic hazard assessment and geophysical
understanding of the region.

Geological studies have been conducted to better
understand the seismic hazard in Thailand and to
investigate various aspects of the geology of this
country. Several of these studies have focused on the
Shan-Thai and Indo-China Terranes, whose collision
occurred during the late Jurassic period (Stokes et
al. 1996). Geological structures have been shaped
by these tectonic events, which have contributed to
the formation of diverse regions within the country.
Previous geological studies have provided insights into
various aspects of the geology of Thailand (Cobbing
2011; Hansen and Wemmer 2011; Ridd et al. 2011;
Searle and Morley 2011). According to Bhongsuwan
and Ponathong (2002), Thailand is divided into the
Shan-Thai Terrane in the west and the Indo-China
Terrane in the east.

The main geological structures of the region,
characterised by Morley et al. (2011), are outlined
in Figure 1. Among these structures, the Southern

Thailand region, situated in Peninsular Thailand,
features crust in the Upper Peninsular area that dates
back to the Cambrian era (Lin et al. 2013). Adjacent
to this, the Western Highlands are prominently
positioned in the eastern segment of the Shan-
Thai Terrane, a geological region that extends from
Thailand into neighbouring Myanmar and Malaysia.
Comprised of metamorphic rocks, the Shan-Thai
Terrane plays a vital role in the geology of the
region. Within the Indo-China Terrane, the Khorat
Plateau occupies a significant portion of north-eastern
Thailand. This expansive region, characterised by
a sedimentary thickness that ranges from 3,000 to
4,000 metres (Kozar et al. 1992; Laske et al. 2013),
is predominantly composed of Mesozoic and Upper
Cretaceous sediments (Lovatt et al. 1996). The
Khorat Plateaus geological characteristics make it
an indispensable feature for understanding seismic
wave propagation within the region. Nevertheless,
the deep structures of the region remain elusive,
with a conspicuous absence of sufficient geophysical
evidence to facilitate a comprehensive understanding.

Granite belts in Thailand, including the Eastern,
Central and Western Belts (Charusiri et al. 1993),
are mainly located in the Shan-Thai Terrane and
distributed throughout the country except for the
Khorat Plateau. These belts exhibit a trend from the
north to the south. The Eastern Granite Belt consists
of Upper Palaeozoic sedimentary and volcaniclastic
sequences, as well as granite activities from the
Carboniferous to Late Triassic. Between the Eastern
Granite Belt and the Khorat Plateau, the boundary
coincides with the boundary between the Shan-
Thai and Indo-China terranes. The Central Granite
Belt covers most of Thailand, excluding the western
and north-eastern parts (Charusiri et al. 1993) and
primarily consists of Late Palaeozoic to Early Mesozoic
clastic sedimentary rocks (Charusiri et al. 1993).
The Western Granite Belt trends in the north-south
direction and comprises Permian to Carboniferous
clastic sedimentary rocks without contemporaneous
volcanism (Charusiri et al. 1993).

Recent advances in seismological research in
Thailand have provided important information on
crustal structures, fault systems, geothermal sources,
Moho depth, 1-D velocity models, and anisotropy.
For instance, Saetang et al. (2018) utilised body-wave
travel-time tomography to examine geothermal sources
located beneath the crust of Northern Thailand. The
geometries of the Phayao Fault Zones were derived
from the focal mechanisms of Mw 6.3 earthquakes

86 Citation: Bulletin of Geography. Physical Geography Series 2025, 29, http://doi.org/10.12775/bgeo-2025-0011



K Saetang, W Srisawat

Rayleigh-wave group-velocity maps of Thailand, Myanmar and Malaysia...

NONG

PBKT 52"’
AThailand

LAT

(8]

LEBEPT

“Anddinan Sca
| CB = Central Basin
GOT = Gulf of Thailand

. KP =Khorat Plateau

-

ot

ICT = Indo-China Terrane

. . STT = Shan-Thai Tcrranc
WBT=West-Burma Terrane

1=Ailao Shan-Red River Shear zone
2=Khlong Marui Fault zone
3=Mae Chan Fault zone q
- 4=Mae Hong Son Fault zone.
5=Mae Ing Fault zone
-6=Mae Ping Fault zone
7=Mae Tha Fault zone
E 8—Mae Yom Fault zone §
9=Pua Fault zone
10=Ranong Fault. zoné
" 11=Sagaing Fault zone
12=Three Pagodas Fault zo;
|3=Uttaradit Fault zone ¢
14=Creat Sumatran Fault 4one
KKM

SLDM

PM = Peninsular Malaysia 4
kT

-+ PT = Peninsular Thailand
“OWH = Western Highlands

%%F sahr’f

i }t;f‘
* A KSM

: LI LI

24
1 1 }
T T T
106 108 110 112 114 116 118 120
LONG

Fig. 1. Highlights basins, granite belts, and highlands in Thailand and nearby regions. Blue and green triangles mark

TM and other seismic stations. Blue dashed lines show terrane boundaries; purple dashed lines indicate granite
belts; red lines mark faults. Adapted from Charusiri et al. (1993), DMR (2007), and Morley et al. (2011)

and their subsequent aftershocks, as reported by
Noisagool et al. (2016), Pananont et al. (2017) and
Saetang (2017). Moho lies beneath Thailand, with
depths ranging from 28 to 42 kilometres (Noisagool et
al. 2014). An analysis of shear-wave splitting suggested
that the Shan-Thai and Indo-China Terranes move
in a south-eastern direction, while the West-Burma
Terrane moves northward (Saetang 2022). Moreover,
a minimum 1-D velocity model of northern Thailand
was developed, demonstrating a reduction in the root-
mean-square of travel time residuals and highlighting
correlations between station delays and near-surface
geology (Saetang and Durrast 2023).

The geomorphology of Thailand and its
surrounding regions is complex and multifaceted,
and it holds a pivotal position in the interpretation
of seismic research, such as Rayleigh-Wave Group-
Velocity Mapping using the ANT. Thailand is situated
on the Sunda Plate, part of the larger Indo-Australian
Plate, and the interactions between the Sunda Plate
and neighbouring plates, such as the Eurasian Plate,
create significant seismic activity in the region.
The collision between the Indian and Eurasian
Plates has formed the Himalayan Mountain range
and the Tibetan Plateau, extending into northern
Thailand and contributing to seismic activity. Due
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to the complex geology of Thailand, Rayleigh-
Wave Group-Velocity Mapping using The ANT is
an essential tool for understanding the subsurface
structure. Researchers can create detailed maps of
the subsurface by analysing seismic noise, which can
reveal geological features that may not be apparent
through other methods. Understanding these
features will help in interpreting the results of the
ANT, providing insights into the subsurface geology
and potential seismic hazards. This study utilises
geological information and published geoscience
research to interpret Rayleigh-wave group-velocity
models, such as those between the Shan-Thai and
Indo-China Terranes, as well as the boundary of the
West-Burma Terrane and Shan-Thai Terrane.

The extensive coverage of broadband stations in
Thailand facilitates the estimation of Rayleigh-wave
group-velocities through the ANT, a technique that
has been extensively employed to image subsurface
structures (Shapiro et al. 2005; Yang et al. 2007;
Shirzad and Shomali 2014; Wang et al. 2017).
This study aims to utilise the ANT to develop
comprehensive Rayleigh-wave group-velocity maps
for Thailand and its surrounding regions. The derived
velocity maps will be examined for correlations with
known geological structures, particularly in the
Indo-China, West-Burma and Shan-Thai terranes.
The accuracy and reliability of the ANT as a tool
for capturing subsurface structures will be assessed
by comparing the results with existing geological
data. The use of the ANT in this study not only
demonstrates its potential as a powerful tool for
representing subsurface structures in seismically
active areas but also paves the way for further
studies in other geological settings. Ultimately,
this research aims to provide valuable geophysical
evidence that enhances the current understanding
of deep structures in Thailand and its surrounding
regions.

MNumber of used station
onsoxSREREENEREENEREE

Data and methods

Data collection and preprocessing

In this study, we used the ANT method to extract
surface waves through cross-correlation, employing
a set of tomographic techniques. Rayleigh waves
were specifically used, with the vertical components
recorded by a total of 52 seismic stations, including
26 from the Thai Meteorological (TM) Network and
26 from surrounding networks. These recordings
were applied to calculate the waveforms. Data were
obtained directly from the DMC Web Services and
encompass the period from the stations' deployment
up to May 2018, as illustrated in Figure 2. The
TM network includes seismometers with corner
frequencies of 1, 30 and 120 seconds. However,
due to the attenuations and scattering experienced
along ray paths, dispersion measurements from the
short-period stations (1s) were deemed impossible.
Consequently, these seismometers were excepted,
resulting in a final selection of 26 stations. Based
on the data from surrounding networks, only
broadband stations were selected, with the number
of stations per month shown in Figure 2.

The ANT method was applied following the
methodology described by Goutorbe et al. (2015).
The data processing stage was meticulously
executed, beginning with monthly stacking for
each individual station. Several preprocessing steps
were followed, including the removal of instrument
response, daily trends and mean values. A critical
part of this process was the application of band-
pass filtering, designed to emphasise signals within
the appropriate period range. For shorter period
analysis (6-10s), we used a 3-60s band-pass filter,
while for longer periods (>10s), we used a 7-60s
filter to avoid spectral leakage effects, following

Month/Year

Fig. 2. Duration of Seismic Recordings. The exact time duration of seismic recordings used to obtain the cross-correlations
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Goutorbe et al. (2015). This technique facilitated
the visualisation of the most energetic surface
waves that typically manifest following earthquakes,
as described by Bensen et al. (2007) and Lin et al.
(2007). To ensure consistency across the data, the
signal sampling frequency was standardised at 1 Hz,
in accordance with the resampling frequency of 1.0
Hz. Additionally, spectral whitening was applied to
flatten the amplitude spectrum within the respective
frequency bands, following step (5) of Bensen et
al. (2007) and as implemented by Goutorbe et al.
(2015).

Cross-correlation and dispersion curve
extraction

The continuous waveform data from the seismic
stations were processed using the cross-correlation
method, following the detailed methodology
presented by Bensen et al. (2007). This study utilised
seismic waveforms to calculate the cross-correlation
between all feasible station pairs, resulting in
a comprehensive set of 1,034 pairs across the 52
stations. Subsequently, the dispersion curves for the
Rayleigh-wave group velocity were extracted from
the cross-correlation. This extraction was performed
using frequency-time analysis (FTAN) techniques,
as proposed by Levshin and Ritzwoller (2001) and
further elaborated by Bensen et al. (2007). The entire
process was automated, including both the FTAN
and the measurement of dispersion curves from
cross-correlation. A critical aspect of the analysis
was the consideration of the Signal-to-Noise Ratio
(SNR) and the uncertainty associated with velocity
measurements.

In our study, the SNR serves as a key quality
metric. It helps us assess the dispersion measurements,
which we computed within the time domain.
Specifically, the signal level was determined from
the peak amplitude found in the signal windows,
while the noise level was estimated through the root-
mean-square (RMS) method applied to the noise
windows. To enhance the analysis, the uncertainty
of velocity measurements was assessed based on
the seasonal variations observed in the dispersion
curves. These curves were systematically stacked
over three months, allowing for a maximum of 12
stacks to be generated. The stacks were formed from
subsets of the input waveforms, grouped into specific

monthly combinations, such as Jan-Feb-Mar or
Feb-Mar-Apr. The standard deviations (SD) of the
group velocity for each period and station pair were
subsequently computed from these 3-month stacks,
a process that is visually depicted in Figure 3.

From the recorded data, a total of 1,034 pair
dispersion curves were obtained. To ensure
the integrity and quality of these dispersion
measurements before integrating the velocity and
period values into the tomographic analysis, specific
criteria were meticulously established. One of the
primary considerations was the minimisation of
natural noise effects and the improvement of input
source strength for stringent quality control. This
was accomplished by setting a minimum SNR
beginning for the station pairs, with the selection of
group velocities controlled by the condition that the
SNR must be greater than or equal to the defined
minimum spectral SNR value of 2 for retaining
velocity, and the standard deviation (SD) must be
less than or equal to maximum standard deviation
of 0.1 km/s. Additionally, the SNR must be greater
than or equal to minimum SNR of 15 if no standard
deviation is present. The calculation of the SNR
involved dividing the peak absolute amplitude in
the signal window by the standard deviation found
in the noise window, with the signal window defined
according to the parameters defining the signal
window velocity range of 2.0 to 4.0 km/s. Following
Goutorbe et al. (2015), the noise window starts 500
seconds after the signal window and has a width of
500 seconds.

In cases where specific period bands were
designated, such as period bands spanning [(4, 7),
(7, 15), (10, 22), (15, 30), (20, 35)] seconds, the SNR
was computed individually for each band. This was
done by first applying a band-pass filter to the cross-
correlation using a Butterworth filter, followed by the
calculation of the SNR for each centre period and
given alpha value of 20. A Gaussian filter was also
applied to the cross-correlation, which allowed for
the precise calculation of the SNR for each specific
period. The signal window was carefully defined
to include the range of distance divided by the
maximum group velocity (distance/V, ) to distance
divided by the minimum group velocity (distance/
V ), where 'V’ symbolises the group velocity. In the
FTAN analysis, parameters were defined to control
the periods and velocities. The raw and cleaned
FTAN periods were both set with a range of 3.0 to
45.1 seconds with 1.0-second steps, while the FTAN
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Fig. 3. Dispersion Curves and Frequency-Time Analysis (FTAN). (a) Accepted dispersion curve (SNR > 2, SD < 0.1 km-s”). (b)
Rejected dispersion curve (SNR = 2, SD > 0.1 km-"). Columns: original and filtered waveforms; raw and clean FTAN
of group velocity dispersion curves (filtered 15-50s); map of two station pairs (top fourth column); comparison of raw
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velocities were defined from 2.0 to 5.51 km/s with
0.01-km/s steps. These parameters guided the range
and intervals analysed in the FTAN process.

Tomographic inversion

In this study, the tomographic method employed
aligns with the approach put forth by Barmin et
al. (2001) to reconstruct the Rayleigh-wave group-
velocity maps. These maps were created for selected
periods on a 0.5°x0.5° geographical grid within the
defined study area. A specific penalty function, as
expressed in Equation 1 (Barmin et al. 2001), was
selected and minimised to derive a model (m) that
represents slowness perturbations across the nodes of
a uniform grid (Goutorbe et al. 2015).

(Gm) = DTCTH(GmM) — d) +o IFm)I* + B2IIH(m)]|?

90

In this equation, d symbolises the travel time
perturbation between station pairs, derived from surface
wave data. The essential travel path information, required
to integrate this perturbation, is contained within G
(Barmin et al. 2001; Goutorbe et al. 2015). Meanwhile,
C serves as the data covariance matrix, accounting for
any observational errors in the measured travel times.
The function H(m) imposes a penalty on the model,
reflecting the path density in regions characterised by
isotropic structures and azimuthal distributions. Equation
2 introduces F(m), a spatial smoothing function applied to
the 2-D tomographic map:

F(m) =m(r) — f S(r, F)ym(r)dr (2)
N
The smoothing function S(rr’) is further defined by
Equations 3 and 4:

, |r — 7|2
S(r,7) = Kgexp | —

)

202

,F)dr =
LS(rT)r 1 (4)
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Here, r represents the position vector on the
grid's surface nodes, and o is the spatial smoothing
width or correlation length. The damping parameters
a and B control the distributions of H(m) and F(m)
in Equation 1. These parameters, along with o, can be
user-defined through variables, as detailed in Table 1.

The main methodology of the parameter tests
was based on the two-pass inversion methodology
of Goutorbe et al. (2015), with modifications made to
the grid steps and the SNRs. This approach provided
a standardised and proven framework for the
inversions, while allowing for specific adjustments
to suit the unique characteristics of the study area.
In the process of conducting parameter tests for this

Table 1. Defined Parameters

study, a single-pass approach was employed, distinct
from the full inversion process that often involves
a two-pass method. The parameter tests were
designed to systematically explore the variations and
impacts of selected parameters, including periods,
grid steps, SNRs, correlation lengths and strength
parameters. Unlike the full inversion, where a second
pass might be used to refine the results and enhance
the accuracy, the parameter tests were focused on
a broader examination of the parameter space. This
one-pass method allowed for a more streamlined and
efficient analysis, providing valuable insights into the
relationships between different parameters and their
effects on the tomographic inversions.

Parameter Value Description
PERIODMIN_EARTHQUAKE 15.0 Minimum period for
earthquake signals
PERIODMAX_EARTHQUAKE 50.0 Maximum period for
earthquake signals
PERIOD_RESAMPLE 1.0 Resampling period
MINSPECTSNR 2 Minimum spectral SNR
value
MAXSDEV 0.1 km/s Maximum standard
deviation
MINSPECTSNR_NOSDEV 15 Minimum spectral SNR
value without standard
deviation
SIGNAL_WINDOW_VMIN 2.0 Minimum value for signal
window
SIGNAL_WINDOW_VMAX 4.0 Maximum value for signal
window
PERIOD_BANDS (4, 7], [7,15], [10, 22], Specific period bands
[15, 30], (20, 35]]
FTAN_ALPHA 20 Alpha value for FTAN
RAWFTAN_PERIODS_STARTSTOPSTEP [3.0,45.1, 1.0] Start, stop, and step values
for raw FTAN periods
CLEANFTAN_PERIODS_STARTSTOPSTEP [3.0,45.1, 1.0] Start, stop, and step values
for cleaned FTAN periods
FTAN_VELOCITIES_STARTSTOPSTEP [2.0,5.51, 0.01] Start, stop, and step values
for FTAN velocities
Discretization grid 0.5°x0.5° Geographical grid
resolution, representing
a spatial sampling of 0.5°
latitude by 0.5° longitude
a Strength of the spatial 3000, 200*
smoothing term
Iy Spatial smoothing width 50 km
p Strength of the norm 200
penalization term
A Sharpness of the norm 0.3
weighting function’s
decrease
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Two minimum spectral SNRs were utilised to
filter out low-quality observed velocities: SNR=2
following Saetang (2022), SNR=4 following Shapiro
et al. (2005) and SNR=7 following Goutorbe et al.
(2015). The SNR is a critical measure of the quality
of the seismic data, and the selection of these specific
SNRs allowed for a robust assessment of the data
quality based on established methodologies. The
systematic variation of these parameters, including
periods, grid steps, SNRs, correlation lengths, alphas,
betas and lambdas, allowed for a comprehensive and
robust analysis of the seismic characteristics of the
region.

By exploring different periods, grid steps, SNRs,
correlation lengths, alphas, betas and lambdas,
the study was able to create detailed and accurate
Rayleigh-wave group-velocity maps. These maps,
in turn, facilitated a nuanced understanding of the
subsurface structures and seismic hazards in Thailand
and its surrounding regions. The parameter tests
underscored the importance of careful parameter
selection in seismic tomography, highlighting the
complex interplay between data quality, spatial
resolution, smoothing and penalisation in the
inversion process. The selection of suitable parameters
was guided by the need to align the tomographic
models with the general geology and tectonic setting
of Thailand and surrounding countries, ensuring
a coherent and contextually relevant representation
of the seismic landscape.

After the parameter tests as presented in Table
2, the tomographic inversions were conducted by
adjusting several values to analyse the variations in

Table 2. Parameter Tests for Tomographic Inversions

seismic wave propagation. Two distinct periods - 6
and 10 seconds — were chosen to represent different
seismic wave frequencies. The 6-second period was
selected as the minimum period due to its proximity
to the surface, making it easier to compare the result
with surface geology. Periods of 5 seconds were
not sufficient for raypaths, and no raypaths were
available for 1-4 seconds. The 10-second period was
selected to confirm that the result from the 6-second
period was consistent. These choices allowed for
a comprehensive examination of the subsurface
structures.

Three different grid steps were employed in the
study: 0.25, 0.5 and 1 degree. These grid steps were
used to discretise the geographical area into a grid,
with each node representing a specific location. The
variation in grid steps allowed for a detailed analysis
of the spatial resolution, with smaller grid steps
providing higher resolution. Reducing the grid steps
from 1 degree to 0.25 degrees increased the time of
inversion for each round and necessitated additional
Random Access Memory (RAM) for computational
processes, but it was deemed necessary. The grid steps
should be lower than the average distance between
stations, ensuring a more accurate representation of
the seismic landscape.

Correlation lengths of 50, 150 and 250 km were
used to control the spatial smoothing in the penalty
function. The correlation length is a measure of how
the slowness perturbations are correlated across
different spatial nodes. By varying the correlation
length, the study explored the impact of spatial
smoothing on the tomographic results.

Parameter Description Values Used

Periods Distinct periods for seismic wave 6s, 10s
frequencies

Grid Steps Discretize the geographical area into a 0.25,0.5, 1
grid degree

Minimum Spectral SNRs Filter out low-quality observed velocities 2,4,7

Correlation Lengths Control spatial smoothing in the penalty 50, 150, 250
function km

Strength Parameter Alpha  Control spatial smoothing term in the 200, 400, 600
penalty function

Beta Value Control strength of the norm penalization 200
term

Lambda Value Control sharpness of the norm weighting 0.3

function’s decrease
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Three different values of the strength parameter
alpha (200, 400, 600) were employed to control the
spatial smoothing term in the penalty function.
The variation in alpha allowed for a systematic
investigation of the trade-off between data fit
and model smoothness. A constant beta value of
200 was used to control the strength of the norm
penalisation term, and a lambda value of 0.3 was
employed to control the sharpness of the norm
weighting function's decrease. These parameters
were carefully selected to penalise the weighted norm
of the parameters, ensuring a robust and reliable
tomographic inversion.

Two-pass inversion and final inversion

The inversion process in this study was conducted
in two distinct passes, following the methodology
described by Barmin et al. (2001). Each pass involved
a specific set of parameters, following the algorithm
described by Barmin et al. (2001).

First Pass: The initial pass involved an overdamped
tomographic inversion. During this phase, the travel-
time residuals between observed and predicted travel-
times for all pairs of stations were carefully evaluated.
The primary objective of this pass was to create
smooth velocity maps, emphasising a substantial
spatial smoothing effect, with a damping parameter
a = 3000, as detailed in Table 1.

Second Pass: Following the first pass, which is
used to identify and reject outliers, any pairs with
absolute residuals exceeding three times the standard
deviation of the residuals were excluded. This two-
pass approach aims to improve the reliability of
the tomographic inversion by removing pairs that
might introduce errors or noise into the inversion
process. The second tomographic inversion was
then carried out, employing parameters specifically
chosen to ensure that the resulting Rayleigh-wave
group-velocity maps would accurately depict regional
geological structures and correspond with recognised
geological information. In this phase, the values of o,
a and P were set at 50, 200 and 200, respectively (as
referenced in Table 1).

The final inversion, conducted after the two-
pass process, utilised optimal parameters identified
through the parameter tests (Table 2). This stage
synthesised insights from previous inversions to create
accurate Rayleigh-wave group-velocity maps. By

considering data quality, spatial resolution, smoothing
and penalisation, the final inversion ensured that the
tomographic models aligned with the geology and
tectonic setting of Thailand and surrounding areas,
providing a coherent representation of the seismic
landscape.

Spatial resolution assessment

The assessment of the spatial resolution in the
tomographic inversion was conducted in alignment
with the methodologies established by Lévéque et
al. (1993) and Barmin et al. (2001). The resolution
matrix (R) is formulated as per Equation 5:

R=(GTC7G +Q)6TCG

This equation is derived from the forward
problem, as expressed in Equation 6:

M = GtC~16t = (G'C~16)m = Rm

Here, Q represents a matrix that encapsulates the
influence of a Gaussian spatial smoothing operator,
and G' is the inverse operator, defined by Equatijn 7:

G'=(G"CT'G +Q)G"

The resolution maps, as presented in the Results
and Discussion section, were constructed usifg)this
mathematical framework. Each row of the resolution
matrix corresponds to an individual resolution map,
assessing the resolution at a specific spatial node.
The i-th row of the resolution matrix contains the
resolution map linked to the i-th grid node (Goutorbe
et al. 2015). By fitting a cone centred on each n@de to
the corresponding resolution map, the radius of the
cone serves as an indicative measure of the spatial
resolution at that particular node.

Results and discussion

Parameter tests and their effects

In our analysis of the seismic data, we tested several
parameters to gauge their impact on the observed
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Fig. 4. SNR Analysis. The figure illustrates the impact of varying SNRs (2, 4, 7+) on tomographic inversions, focusing on
Rayleigh wave velocity, path density, and spatial resolution. As SNR increases, the number of input dispersion curves
decreases: 586 for SNR=2, 153 for SNR=4, and 55 for SNR=7. The analysis is conducted with a fixed grid spacing

of 0.25 degrees and set parameters for spatial smoothing (200), smoothing width (50 km), norm penalisation (200),
and norm function sharpness (0.3)
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Fig. 5. Grid Spacing Impact on Tomographic Inversions. This figure compares the effects of grid spacings (0.25, 0.5, 1) on
Rayleigh wave velocity, path density, and spatial resolution. Fixed parameters include spatial smoothing (200), smoothing
width (50 km), norm penalization (200), and a minimum SNR of 2. The left column shows velocity variations, the centre
column maintains consistent ray-path coverage, and the right column reveals spatial resolution differences. Grid spacing
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a balanced trade-off.
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Fig. 6. Dispersion Curve Analysis for SNR >= 2 and SD <= 0.1 km/s. This figure illustrates dispersion curves where SNR is aimed
to be close to 2 but also maintained at or above this threshold, optimising clarity and reliability for tomographic inversion

seismic phenomena. The specific parameters and select the most suitable ones for full tomographic
their variations are detailed in Table 2. Among inversions. The final selection of parameters is
these, the most critical and influential parameters presented in Table 1. This selection was made by
were identified and are illustrated in Figs. 4 and 5.  considering the surface geology and tectonic settings
Figures 4 and 5 illustrate the comparison of certain  at the study area and also considering the spatial
parameters. However, the authors considered the resolution and ray-path coverage.

results from all parameters listed in Table 2 to
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In Figure 4, we analyse SNR and its impact on
tomographic inversions. The grid spacing is fixed at
0.25 degrees, and parameters for spatial smoothing
and penalisation are also set. The figure includes
variations in SNR values: 2 for the top row, 4 for
the middle row and 7 or greater for the bottom row.
As the SNR increases, we observe a decrease in the
number of input dispersion curves: 586 for SNR=2,
153 for SNR=4 and 55 for SNR=7. Despite this, an
SNR of 2 or greater shows more input dispersion
than an SNR of 4 or 7. While higher SNR values
indicate better quality, an SNR of 2 or greater
remains acceptable if the standard deviation (SD) is

less than or equal to 0.1 km/s. This criterion ensures
that dispersion curves with SNR greater than or
equal to 2 are suitable for tomographic inversion, as
further demonstrated in Figure 6.

Figure 5 examines the influence of grid steps on
Rayleigh-wave group-velocity (left column), path
density in km (centre column), and spatial resolution
(right column) within tomographic inversions. The
analysis was conducted with variations in grid
spacing values of 0.25 (Top Row), 0.5 (Middle Row)
and 1 (Bottom Row) and includes fixed parameters
such as the Strength of the spatial smoothing term
(200), Spatial smoothing width (50 km), Strength

Period = 6 5, 2nd pass, grid 0.5 x 0.5 deg, min SNR = 2, corr, length = 50 km, alpha = 200, beta = 200, lambda = 0.3 (569 paths, 17 rejected)
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Fig. 7. Rayleigh-wave group-velocity maps of Thailand and adjacent areas at 6-second and 15-second periods. (A) Group velocity
at 6 seconds. (B) Path density at 6 seconds. (C) Spatial resolution at 6 seconds. (D) Group velocity at 15 seconds. (E) Path
density at 15 seconds. (F) Spatial resolution at 15 seconds. Gray zones indicate areas with undefined resolution; white
triangles mark seismic stations. The 6-second period is sensitive to upper crustal structures, whereas the 15-second period
is sensitive to deeper structures potentially associated with the mid-crustal Conrad discontinuity
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of the norm penalisation term (200), and Sharpness
of the norm weighting function’s decrease (0.3),
alongside a fixed SNR of 2 or greater. The left column
of Figure 5 illustrates lateral variations for lower
and higher velocity groups, represented by red and
blue colours, respectively. Although the automatic
colour scale is uniform, the middle column, which
represents ray-path coverage, does not exhibit
significant differences. In contrast, the right column
reveals noticeable disparities in spatial resolution. The
top box in the left column, with 0.25 grid spacing,
offers the highest resolution (over 80 km, red) but
lacks complete coverage. The middle box extends the
spatial resolution area but lowers the resolution to
over 150 km (red), and the bottom box provides the
most coverage with the poorest resolution (over 240
km, red). The selected 0.5 grid spacing balances the
resolution with spatial coverage.

In addition to the analysis conducted for the
6-second and 10-second periods, similar parameter
tests were performed, and the results were found
to be consistent across different seismic wave
frequencies. This consistency further validates the
selected parameters for tomographic inversions, as
shown in Table 1. Table 3, presenting the second pass
of tomographic inversion, illustrates this point by
detailing the number of raypaths input, accepted and
rejected for various periods, using parameters 0=50,
a=200 and =200. Across the periods ranging from
6 to 20, the acceptance rate remained consistently
high, ranging from 96.8% to 97.5%, while the
rejection rate varied slightly between 2.5% and 3.2%.
This pattern signifies a well-constrained inversion,
leading to more accurate tomographic images.

Final inversion

The ANT of Rayleigh waves conducted across
Thailand and its surrounding regions has yielded
invaluable insights into the subsurface structure and
crustal properties. Utilising seismic network data,
we constructed group-velocity maps for multiple
periods, revealing significant lateral variations in
seismic velocities. This work builds upon previous
studies (Lin et al. 2007; Yang et al. 2007; Shirzad and
Shomali 2014).

The inversion process was executed in two
stages, as outlined in Table 2. The first stage aimed
to create smooth velocity maps, while the second

stage refined these by removing outliers and noise.
Optimal parameters were identified through rigorous
testing (Table 1), and the final inversion synthesised
these insights to produce accurate Rayleigh-wave
group-velocity maps. By considering factors like
data quality, spatial resolution, smoothing and
penalisation, we ensured alignment with the geology
and tectonic settings of Thailand and its surrounding
areas.

Significantly, our research categorises Rayleigh-
wave group-velocity maps into two critical
frequency bands, one ranging from 6 to 13 seconds
and another from 14 to 20 seconds. These bands
consistently display characteristics of both lower and
higher velocities. Within these frequency ranges, the
6-second and 15-second periods emerge as essential
benchmarks for our study. Specifically, the 6-second
period is highly sensitive to near-surface geological
features, while the 15-second period provides crucial
insights into deeper geological structures, potentially
associated with the mid-crustal Conrad discontinuity.
Variations in surface geology can have a notable
impact on the velocities observed at these key
periods. These are visually represented through an
automatic colour scale, with red for lower velocities
and blue for higher velocities, implemented using
Python code. To facilitate a nuanced interpretation
of these findings, Figure 7 presents detailed views
of these pivotal periods with six panels (A-F). This
figure showcases the group-velocity maps along with
complementary maps of path density and spatial
resolution. This integrated presentation is designed
to focus attention on areas with well-defined, high-
resolution data while deliberately omitting areas
where resolution is undefined.

The sensitivity of Rayleigh waves to underground
structures is period-dependent. Shorter periods
(6-13 sec) are generally sensitive to shallower
structures, often corresponding to the upper crust
(Shapiro et al. 2005; Belovezhets et al. 2021; Kil et
al. 2021; Abdelfattah et al. 2023). Conversely, longer
periods (14-20 sec), especially the 15-second period,
are more sensitive to deeper structures, potentially
related to compositional variations, temperature or
pressure conditions that differ from the upper crust
(Shapiro et al. 2005; Cooper et al. 2017; Poveda et
al. 2018). Waves with shorter periods are susceptible
to attenuation and scattering from teleseismic
earthquakes.

As a general rule, the sensitivity of Rayleigh-
wave peaks at depths approximately equal to one-
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third of their wavelength. Notably, the methodology
employed lacks an option for directly translating
period ranges into depth sensitivities. To address
this, we employed a heuristic approach based on an
assumed average group velocity for Rayleigh waves of
around 3 km/s. Our analysis suggests that the 6-13-
s period range is particularly useful for investigating
structures in the upper crust, within an approximate
depth range of 6-13 km. The 14-20-s period range,
and notably the 15-second period, is presumed to
be more relevant for structures at the mid-crustal
Conrad discontinuity, starting at approximately 14
km. This is corroborated by noticeable changes in
lateral variations of group-velocity structures starting
at 14 seconds, with a significant shift observed at
15 seconds. Due to constraints on the allowable
number of input dispersion curves, our tomographic
inversion methodology is limited in its capacity to
generate reliable group-velocity maps for periods
extending beyond 20 seconds. Complementing
our findings, Siangpipop (2022) reported that the
Conrad discontinuity beneath Northern Thailand
is shallowest at about 10.9 km in the western
province and deepest at around 20.9 km beneath
the Phitsanulok Basin.

The 6-sec period

The variations in seismic velocities across different
regions can be attributed to a variety of geological
factors. For the 6-second period, known for its acute
sensitivity to structures in the upper crust and its
strong correlation with near-surface geological
features, the map identifies regions with group
velocities either falling below or exceeding 2.8 km/s.

The observed discrepancy in Rayleigh-wave
velocities between the West-Burma Terrane and
the Shan-Thai Terrane, particularly at the 6-second
period, is a result of a complex interplay of geological,
geophysical and methodological factors. Specifically,
velocities lower than 2.8 km/s in the West-Burma
Terrane and higher than 2.8 km/s in the Shan-Thai
Terrane at the Sagaing Fault zone may be attributed to
lithological variations. The Shan-Thai Terrane likely
comprises rock formations that are more rigid and
more dense, such as metamorphic or igneous rocks,
leading to higher velocities. In contrast, the West-
Burma Terrane may encompass softer geological
materials like sedimentary rocks, fractured zones
or even geothermal pathways, resulting in lower

velocities. These velocity variations are concentrated
in two significant regions, each with differing
levels of reliability in the velocity model. When
cross-referenced with a spatial resolution map, the
velocity contrast between the onshore areas of the
West-Burma Terrane and the Shan-Thai Terrane
is supported by high spatial resolution, providing
a high degree of certainty in the velocity model
for that area. Conversely, the velocity contrast for
the offshore areas between the two terranes is not
as well-supported by spatial resolution, leading to
reduced reliability in the velocity model for those
regions.

The second region involves the Khorat Plateau,
extending into southern Thailand and encompassing
the Andaman Sea and the Gulf of Thailand. The
lower velocities in the Khorat Plateau could be due
to the presence of softer, less-consolidated materials
like sediments or sedimentary rocks, which usually
result in slower seismic wave propagation. A distinct
boundary separates the West-Burma Terrane from
the Shan-Thai Terrane, characterised by contrasting
velocities either below or above 2.8 km/s. The
Shan-Thai Terrane contains high-velocity groups
but lacks sufficient differentiation to separate its
Central, Western and Eastern Belts, suggesting
a more heterogeneous composition of the crust in
this region.

The Western Highlands, a component of the
Western granite belt, hosts the highest velocity group,
nearing 4.0 km/s. This elevated seismic velocity
can be attributed to a multifaceted set of factors.
One primary reason could be the presence of very
dense, old and consolidated rocks, possibly granitic
in nature. Additionally, the rocks in the area may
exhibit low porosity, which generally contributes to
higher seismic velocities. The absence of fluid-filled
fractures could also be a significant factor in these
higher velocities. Thermal conditions of the crust
may further influence seismic velocities, as a cooler
crust would generally result in higher velocities.
Lastly, the area might have undergone significant
metamorphism, increasing the density and seismic
velocity of the rocks.

In southern Thailand, the upper and lower parts
of the low-velocity groups are distinctly separated
from the higher velocity groups at the contractual
boundaries of the Ranong Fault Zone and the
Khlong Marui Fault Zone. At the Ranong Fault
Zone, the upper part of the low-velocity groups
is separated from the high-velocity groups of the
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Western Highlands. Specifically, the left side of
this boundary is characterised by the high-velocity
group of the Western Highlands, while the dividing
line between this high-velocity group and the low-
velocity groups on the right side extends to the
Khlong Marui Fault Zone.

These boundaries, following a north-east-south-
west orientation, serve as natural separators between
different geological terranes or units, leading to
velocity contrasts in seismic studies. The boundary
at the Khlong Marui Fault Zone further delineates
low-velocity groups on its left side and high-velocity
groups on its right side, with the latter extending into
Peninsula Malaysia. This observation is particularly
applicable when the terranes have varying rock
types or degrees of rock alteration. Additionally, the
characteristics of fault zones like the Ranong and
Khlong Marui, which consist of crushed, fractured
rock, play a pivotal role. These fault zones can act as
barriers or conduits for seismic waves, contributing
to the observed lower velocities due to their fractured
nature. Their orientation could also naturally
dictate the orientation of these velocity boundaries.
Furthermore, the presence of fluids in these fault
zones could also influence seismic velocities; fluid-
filled fractures or porous rocks within the fault zones
could slow down seismic waves, creating additional
velocity boundaries.

The 15-sec period

For the 15-second Rayleigh wave, this period
is notably more sensitive to deeper geological
structures, potentially associated with the mid-
crustal Conrad discontinuity, compared to the
6-second period. Our analysis, supported by 659
accepted raypaths for the 15-second period as
opposed to 569 for the 6-second period as detailed
in Table 3, uncovers both congruent and divergent
patterns of horizontal variations in group velocities.
These patterns either corroborate or contrast with
findings previously discussed for the 6-second
period. The increased number of accepted raypaths
for the 15-second period also results in more
extensive spatial resolution coverage, as evidenced
by a comparison between the right panels of Fig.
7 (continued) and Figure 7. The increased number
of accepted raypaths for the 15-second period also
results in more extensive spatial resolution coverage,
as evidenced by comparing panel F with panel C in
Figure 7. The 15-second period reveals a low-velocity
group in the West-Burma Terrane, consistent with
observations at the 6-second period. The northward
movement of the West-Burma Terrane, corroborated
by GPS velocity fields (Kreemer et al. 2014), is in
accordance with findings from Saetang (2022) that
indicate a northward trending flow direction of the
lithosphere. Given these data, distinct variations
are observed at the boundary between low and

Table 3. Second Pass of Tomographic Inversion: Number of raypaths input,
accepted, and rejected for each period, using parameters 6=>50,

a=200, B=200
Period Input Accepted Number (%) Rejected (%)
6 586 569 (97.1%) 17 (2.9%)
7 700 680 (97.1%) 20 (2.9%)
8 742 720 (97.0%) 22 (3.0%)
9 754 731 (96.9%) 23 (3.1%)
10 750 731 (97.5%) 19 (2.5%)
11 728 709 (97.4%) 19 (2.6%)
12 715 696 (97.3%) 19 (2.7%)
13 699 679 (97.1%) 20 (2.9%)
14 696 675 (97.0%) 21 (3.0%)
15 680 659 (97.1%) 21 (3.1%)
16 648 628 (96.9%) 20 (3.1%)
17 632 613 (97.0%) 19 (3.0%)
18 603 584 (96.8%) 19 (3.2%)
19 570 554 (97.2%) 16 (2.8%)
20 534 519 (97.2%) 15 (2.8%)
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high-velocity groups. In the northern part of the
West-Burma Terrane, the boundary orientation
is north-south, which is in agreement with the
6-second period and supports the northward flow
direction of the lithosphere, as indicated by Saetang
(2022). Conversely, the boundary in the southern
part of the West-Burma Terrane deviates to a north-
east—south-west orientation at the 15-second period.
Saetang (2022) does not provide interpretations
pertinent to the flow direction of the lithosphere in
this southern region.

For the Western Highlands area, the 15-second
period also reveals a high-velocity group close to
4.0 km-s' corroborating the results observed at
the 6-second period. However, a notable difference
emerges when examining the extent of these high-
velocity groups. In the 15-second period, these high-
velocity groups extend into the Central Basin and
the Khorat Plateau, a contrast to the 6-second period
where they are confined to the Western Highlands.
Additionally, the high-velocity groups beneath the
Western Highlands and the Central Basin align
in a south-east-north-west direction, consistent
with the orientation of the Mae Ping and Three
Pagodas Fault Zones as depicted in Figure 1. These
areas are also well-represented in terms of spatial
resolution, as evidenced by panel F of Figure 7. The
high-velocity groups beneath the Khorat Plateau
are well-supported by spatial resolution and lie in
a north-east-south-west direction, differing from
the direction of high-velocity groups beneath the
Central Basin. The change of direction of high-
velocity groups beneath the Central Basin and the
Khorat Plateau is significantly found at the boundary
between the Shan-Thai Terrane and the Indo-China
Terrane.

In the southern part of the study area, we
observed a low-velocity group beneath the Peninsula
of Thailand. This group aligns in a south-east—
north-west direction, similar to the high-velocity
groups observed beneath the Western Highlands,
the Central Basin and the Malaysia Peninsula. It is
noteworthy that the upper part of this low-velocity
group is connected with the high-velocity group
beneath the Western Highlands and the Central
Basin. This boundary significantly cuts across the
narrowest part of Thailand, extending from the Gulf
of Thailand to the Cambodian border at Klong Yai,
located in Thailand's south-eastern province of Trat.
Additionally, the lower part of the low-velocity group
beneath the Peninsula of Thailand is connected
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with the high-velocity group beneath the Malaysia
Peninsula. This latter boundary closely aligns with
the international border between Thailand and
Malaysia.

Furthermore, a significant difference was
observed in Northern Thailand for the 15-second
period. Both the West-Burma Terrane and Northern
Thailand are marked by the same low group velocity.
This contrasts with the 6-second period, where
Northern Thailand and the West-Burma Terrane
show different colours - blue and white for Northern
Thailand and red for the West-Burma Terrane -
indicating different velocity groups. This observation
could be indicative of varying geological conditions
at different depths. In this context, it is of particular
significance that Saetang et al. (2018) identified low-
velocity anomalies in Northern Thailand through
local earthquake tomography, which could be related
to this observed low group velocity. Furthermore, the
study by Saetang et al. (2018) indicates high Vp/Vs
ratios below mountain ranges, potentially aligning
with the south-east-north-west directional flow of
the lithosphere and asthenosphere as interpreted by
Saetang (2022). The contributions of Saetang et al.
(2018) regarding the Moho depth and the presence
of geothermal sources add another layer of geological
complexity, supporting the idea that the low-velocity
group in Northern Thailand may not necessarily
be connected to the West-Burma Terrane. This
uncertainty is partly due to the small area of red
colour at the station TGI and is further supported by
shear wave splitting data from Saetang (2022), which
indicates different flow directions for the lithosphere
and asthenosphere beneath the West-Burma Terrane
and Northern Thailand. Notably, the low-velocity
group in Northern Thailand approximately lies in
a south-east-north-west direction, aligning with the
flow direction of the lithosphere and asthenosphere
as interpreted by Saetang (2022). The eastern part
of the low-velocity group at Northern Thailand is
approximately terminated at the boundary between
the Shan-Thai Terrane and the Indo-China Terrane.

Conclusions

Utilising the ANT and rigorous parameter tests, we
explored the seismic characteristics of subsurface
structures in Thailand, the Malaysia Peninsula, the
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Thailand Peninsula and the Central Basin. Our
analyses of Rayleigh-wave group-velocity maps for
periods between 6 and 20 seconds revealed significant
lateral variations in seismic velocities. High-velocity
zones were predominantly associated with the Shan-
Thai Terrane, while low-velocity zones were identified
in Northern Thailand, the West-Burma Terrane and
the Khorat Plateau. In a broader scientific context,
our findings both align with and extend previous
studies, particularly enhancing our understanding of
the seismic landscape from the upper crust to the
mid-crustal Conrad discontinuity. The implications
of this research are far-reaching, potentially affecting
earthquake preparedness and resource exploration
in these tectonically active regions. While the
study is robust, limitations exist in terms of data
quality and the extent of parameter tests conducted.
Nevertheless, the rigorous methodology employed
and the diverse data sources utilised affirm the
effectiveness of ANT as a valuable tool for seismic
research in areas with complex geological histories
and active tectonic settings.
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