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From two-class to one-class classification of tectonic tremor
in Taiwan
Yu-Siang Wu! ~ Ting-Chen Yeh! -~ Kate Huihsuan Chen! ~ Yi-Hung Liu?
(1)Department of Earth Sciences, National Taiwan Normal University ~ (2)Department of Mechanical

Engineering, National Taiwan University of Science and Technology

In Taiwan, ambient tremors are found to locate underneath a mountain in Southern
Central Range. Given that the ambient tremors represent the aseismic slip process at
greater depth where no seismicity is present, it is crucial to monitor their activity. To
identify tremors, the similarity and time lapse of the arrival tremor bursts from multiple
stations are oftentimes demanded, while manual checks of multi-station waveforms are
practiced, to exclude loud noise and swarms of regional earthquakes.

We aim at exploring if the advances of machine learning technigques enable an
automatic search for patterns to discriminate tremor from regional earthquakes.
Using k-Nearest Neighbor (k-NN, Cover and Hart, 1967) classifier, Liu et al. (2019)
successfully separated tremor from local earthquakes and noise at high accuracy of
86.6-98.8%, showing that the possibility of applying ML technique to separate tremors
from other types of seismic signals is feasible. However, they also found that the multi-
class classification approach is not robust in the real-time monitoring using continuous
data. This is mainly due to the fact that in the continuous data, many other types of
signals exist without being labeled. In this study, not only two-class but one-class
classifier was built to test if tremor can be separated from regional earthquakes and the
possibility of continuous tremor detection.

Using 5,796 tremor, 6,746 regional earthquake, and 441,887 noise data collected
in 2016, we found the two-class k-NN classifier allows the high classification rate (CR)
of 91.8-95.8%. We further demonstrate the performance of one-class Support Vector
Data Description (Tax and Duin, 2004) classifier that does not need a collection of other
classes’ samples. The resulting CR of 71.1-82.8% indicates the capability of one-class
classifier on real-time detection of tremor in Taiwan.

Keywords: tectonic tremor, machine learning, real-time detection, Support \Vector
Data Description
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A comparison of methods for calibration of seismometer orientation
Wen-Tzong Liang! ~ Chu-Te Chen! ~ Teh-Ru Alex Song?

(1)Institute of Earth Sciences, Academia Sinica, Taiwan ~ (2)Seismological Laboratory, Department of

Earth Sciences, University College London

Many seismological researches rely on precise seismometer orientation. To
understand the performance of currently available methods based on teleseismic P-
wave, Rayleigh wave, and receiver functions respectively, we have applied them to well
calibrated broadband seismic stations in Taiwan. In general, seismic waveform data
collected for distant earthquakes distributed at various back-azimuth is required for
higher precision and accuracy. It seems that the P-wave particle motion can give a good
result if the noise level is acceptable whereas the back-azimuth coverage does not
change the orientation significantly. We are going to apply these methods to open data
that is collected in Taiwan to enable a complete metadata for borehole or ocean bottom
seismometers.

Keywords: seismometer orientation, observational seismology, seismogram, receiver
function



Observations of separating first P arrivals as induced by mantle
wedge fast anomalies beneath NE Taiwan
Hung-Yu Yen! ~ Po-Fei Chen?

(1)Department of Earth Sciences, National Central University

Using data from the Formosa Array (FMA), adense seismic network
covering North Taiwan with r oughly 140 broadband stations, we observed that an
earthquake (25.02°N, 121.86°E, 138 km) exhibits distinct two arrivals of P waves (two
phases) for stations just above it. Having determined the two phase d elayed times for
FMA, results show a spatial radiation pattern decreasing from 1.6 seconds to zero
outward the epicenter. In addition, this event is located on the Ryukyu subduction zone,
where the Philippine Sea Plate subducts beneath the Eurasian Plate, and both the slab
and mantle wedge exhibit the feature of fast P wave anomalies, which is also
mentioned by previous publication of high resolution tomography on NE Taiwan (Su et
al., 2019). Then, we conducted a study of tracing rays, and visualized them on the 2 D
cross sections with multiple azimuth. Therefore, we find a positive correlation between
the duration of delayed times and the length of rays passing through the fast P anomaly
in the mantle wedge. As a result, we conclude that the two phase arr ivals are induced
by the fast anomaly in mantle wedge beneath NE Taiwan. Moreover, after comparing
the data and ray paths of other adjacent events with weaker two phase arrivals, we
can further confirm the conclusion. To figure out the causes of the two ph ase arrivals,
the simulations of wave propagations will be simulated in the future.

Keywords: Formosa Array, northeastern Taiwan, anomalous waveform effects



3-D plate interactions beneath Taiwan orogeny from source-side
seismic tomography
Po-Li Su! ~ Hsin-Hua Huang? ~ Justin Yen-Ting Ko!
(1) Institute of Oceanography, National Taiwan University ~ (2)Institute of Earth Sciences, Academia

Sinica, Taiwan

We conducted unconventional joint local and teleseismic traveltime tomography,
source-side seismic tomography, for improving regional 3-D P-wave velocity (Vp)
structure beneath the Taiwan region down to ~400 km. The teleseismic data in this study
are traveltime residuals of local earthquakes determined at distant stations instead of
those from teleseismic events to local stations in the traditional teleseismic tomography.
This provides a larger amount of the teleseismic data than before and a better raypath
coverage at the upper mantle depths, benefiting from a much larger number and a more
even distribution of the local earthquakes compared to those of broadband stations only
placed on the surface in the study area. Our results show clear geometry of the
subducting Eurasian Plate (EP) and Philippine Sea Plate (PSP) beneath Taiwan. In the
south, the top interface of the high-Vp anomaly interpreted as the subducting EP extends
eastward and downward to reach a depth of 450 km at a longitude of about 123°E. From
central to northern Taiwan, the deeper part of the EP subducting beneath the PSP is
progressively deformed, while the PSP continuously collides with the shallow part of
the EP on the west and gradually subducts northward. The subducting EP becomes sub-
vertical beneath northern Taiwan and seems to be detached as the PSP subducts below
a depth of about 80 km.

Keywords: Taiwan orogeny, seismic tomography, subduction, tectonics



Three-dimensional Scattering Dominated Attenuation Models in
Southern California
Yu-Pin Lin! ~ Thomas H. Jordan?

(1)Institute of Earth Sciences, Academia Sinica, Taiwan ~ (2)Department of Earth, Planetary and Space

Sciences, University of California Los Angeles, USA

Seismic attenuation is not only a powerful tool to constrain the physical state of
the Earth’s materials but also a crucial component to improve the accuracy of the
ground motion simulations at higher frequencies (f > 1 Hz). Lin and Jordan (2018)
indicated that the attenuation at high frequencies is frequency dependent with a power-
law rate 0=0.4 and dominated by scattering from small-scale crustal heterogeneities in
Southern California. In this study, we inverted the spectral-amplitude residuals between
observations and synthetics for 3-D P- and S-wave attenuation structures from 660
regional earthquakes (3 <M <5.7) recorded at 281 broadband stations of the Southern
California Seismic Network (SCSN). The synthetic spectral amplitudes accounted for
geometrical spreading, source excitation, and frequency dependence of Q. The 3-D Qp
and Qs variations are inverted by the spectral ratios measured in the band 1-10 Hz.
Results from independent inversions of the P and S datasets are strongly correlated. Our
results show weaker attenuation in two more homogeneous batholitic blocks including
Peninsular Ranges and southern Sierra Nevada and stronger attenuation in the vicinity
of the San Andreas Fault and the Garlock Fault systems, which is dominated by the
elastic waves scattering from the fracture structures around the faults. The Salton
Trough displays the strong attenuation, which consistent with the high heat flow in the
Salton Sea area. However, the low Qp/Qs indicates that the elastic scattering still
dominates the attenuation observations in this region.

Keywords: seismic attenuation, elastic scattering, Southern California



Revealing seasonal crustal seismic velocity variations in Taiwan with
single-station cross-component analysis
Kuan-Fu Feng* ~ Hsin-Hua Huang? ~ Ya-Ju Hsu? ~ Yih-Min Wu?
(1)Department of Geosciences, National Taiwan University ~ (2)Institute of Earth Sciences, Academia

Sinica, Taiwan

Ambient noise interferometry is a promising technique for providing continuous
measurements of seismic velocity changes (dv/v) and studying crustal behaviors in
relation to various geophysical processes over time. In addition to the tectonic-driven
dv/v changes, dv/v is also known to be affected by environmental factors through
rainfall-induced pore-pressure changes, air pressure loading changes, thermoelastic
effects, and so forth. In this study, benefiting from the long-term continuous data of
Broadband Array in Taiwan for Seismology (BATS) that has been operated since 1994,
we investigate the evolution of crustal seismic velocity by applying the single-station
cross-component (SC) method on the continuous seismic data from 1998 to 2019. We
construct the noise correlation functions and compute daily seismic velocity changes
by the stretching technique in a frequency band of 0.1 to 0.9 Hz. In our dv/v results, we
observe the co-seismic drops associated with inland moderate earthquakes and also the
clear seasonal cycles that appear at most stations but with different characteristics.
Systematic correlational analyses with the weather data suggest that the rainfall-
induced pore-pressure change is likely the main cause of the seasonal variations with
high correlations. The observed site-dependency of these seasonal dv/v variations
implies spatially-varying complex hydro-mechanical interaction across the orogenic
belt in Taiwan.

Keywords: seismic velocity change, single-station cross-component method,
stretching technique, seasonal variation
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Ambient noise Full Waveform Inversion along Lanyang River,
Ilan Plain, Taiwan- Synthetic tests and application
Fandy Adji' ~ Fanda Fitrianditha! ~ How-Wei Chen?

(1)Department of Earth Sciences, National Central University

Full Waveform Inversion (FWI) is a high resolution method capable of inferring
detail subsurface structure and velocity variations. FW1 emphasis on utilizing the whole
waveform information instead of using first- or reflection arrival time in Travel Time
Inversion (TTI). However, FWI may suffer from the potential non-linear nature of the
seismic data. The FWI community trying to tackle the high non-linearity problem
embedded in FWI through multiscale approach and various objective function
formulation. A multiscale FWI approach is performed on the synthetic dataset based on
the known Taiwan complex geological fold-bend-fault model provided by CPC to test
the capability of the FWI application in central Taiwan area. Synthetic data were
generated from the test model. The multiscale approach invert the data with the
frequency content of 2, 4, 8, 10, 15, 20 Hz. The result shows promising result as the
inverted velocity model are sequentially constructed from smooth-to-detail according
to the designated frequency bands. For real data application, ambient noise dataset from
Ilan 2004 network is analyzed and studied in this project. The initial model is estimated
from the conventional multichannel analysis of surface wave (MASW) inversion. Fifty
inter-station cross-correlation gathers were used to construct a 2D profile from Land
array data. Preliminary inversion shows wedge-shaped sedimentary basin the Ilan plain
thicken from the sea (East) toward mountain (West) direction. To understand its
potential generation mechanism, ambient noise data simulation is performed to
understand noise generation signatures, effect on the cross-correlation results and
compare the synthetic responses with the recorded data. Ambient noise synthetic data
are simulated by random source distribution with the random duration and activation
time. Data preprocessing including body- and surface waves separation through
curvelet transform is necessary before FWI.

Keywords: ambient noise, curvelet, Full Waveform Inversion



Ambient wavefield simulation in ILAN2014 array data
Fanda Fitrianditha! ~ Fandy Adji Fachtony! - How-Wei Chen!

(1)Department of Earth Sciences, National Central University

Ambient noise data is generally attributed to primary or secondary microseisms.
The primary microseism is the direct coupling between ocean waves and seafloor. The
secondary microseism is the ocean waves once hits the coast, reflect back to the ocean
and interacts with another incoming ocean waves and and propagate back to the coast.
We simulate the primary and secondary microseisms based on the spectral element
method (SEM). The current simulation aims to understand how the coupled acoustic-
elastic waves responses while interact with sea-land boundary. Mimic the primary and
secondary microseisms along the coastline. Coupled elastic-acoustic waves simulation
with excitations occurred inland, ocean, and coastline are studied and analyzed. The 2D
model is set to 131x81 km with 1001x621 elements. A total of 163 receivers of
ILAN2014 observations are simulated and analyzed through many model setup
including model proposed by Su et al, 2019. Different types of sources were initiated
along the coastline in a sequential and random manner. Simulating ambient wavefield
is challenging for obtaining a reasonable simulation responses within a reasonable
computational time. To simulate one-hour ambient noise data, the computational cost
is high. Therefore, simultaneous excitation of random sources along the coastline were
performed first to obtain the desired 1-hour long records. The simulated data are cross-
correlated and stacked to increase the signal-to-noise ratio (SNR). The result shows that
the clarity of the extracted high SNR green functions increases as the recording time
increases. Simulation also indicate that the body wave arrivals become less visible with
the increasing recording time and eventually enhancing surface wave arrivals. The
simulation results are consistent with the commonly observed ambient noise records.
Such responses are dominated by the wave interferences excited from the Sandiaojiao
in the north and Nanfangao-Fenniaolin in the south of Ilan.

Keywords: ambient wavefield, spectral element method, synthetic simulation



Modeling the earthquake source process with Langevin’s approach
Tsung-Hsi Wu' ~ Chien-Chih Chen?
(1)Department of Earth Sciences, National Central University ~ (2)Department of Earth Sciences,
National Central University; Earthquake-Disaster and Risk Evaluation and Management Center,

National Central University

When dealing with the dynamics in an asymmetric many-body system, analytical
solutions are practically unattainable and numerical solutions usually exhibit chaotic
behaviors, if interactions between bodies are in concern. To deal with this conundrum,
stochastic approaches have been widely applied in modeling the dynamics of many-
body systems. Following Langevin's approach, we propose a stochastic dynamic model
for the earthquake rupture process where the many degrees of freedom is omitted by
introducing the random force that accounts for the collision of structures and
uncertainties in the heterogeneity of faulting planes. The model is a one-dimensional
Langevin equation of Coulomb friction. It allows fast numerical simulations, and
analytical solutions are attainable under the steady-state approximation. Both analytical
and numerical results coincide with the truncated exponential (TEX) distribution that
is empirically characterized in the rupture models of large earthquake events worldwide,
and we relate the scale parameter in the TEX model to the ratio of the driving force and
the friction parameter in the Langevin equation given the same noise level. Furthermore,
basing on numerical simulation a universal energy-duration scaling relationship is
suggested. The proposed Langevin equation provides a simple and physically
reasonable picture by regarding the tectonic process as a process of Coulomb friction,
where earthquakes are those transient (microscopic) stick-slip events during the
process.

Keywords: Langevin equation, earthquake rupture, source process, slip distribution
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Revealing orogenic layered deformation by crustal seismic anisotropy
In southwestern Taiwan
Cheng-Chien Peng! ~ Ban-Yuan Kuo?

(1)Institute of Earth Sciences, Academia Sinica, Taiwan

Taiwan orogenic belt results from the arc-continental collision of the Philippine
Sea plate and the Eurasian plate. The complex collision deformation in the crust has
been described by models with various depth extent. To examine those models, we
investigate the crustal anisotropy in southwestern Taiwan and present a new shear wave
splitting map that shows sophisticated yet systematic anisotropy patterns across the
southwestern island. A notable feature is the delay time decrease from the coastal plain
to the higher metamorphosed western foothills. Those observations
could be modeled by the cooperation of the thickening orogeny-parallel anisotropy
above the convergence-parallel mineral fabric at depths. Therefore, we prefer the
layered deformation model that both the fold-and-thrust in the upper crust and the
shearing in the lower crust control the crustal anisotropy manifested at the surface in
southwestern Taiwan.

Keywords: crustal seismic anisotropy, southwestern Taiwan, orogeny, layered
deformation



Earthquake Cluster analysis using Nearest Neighbor approach with
unsupervised classifiers in Taiwan
Yu-Fang Hsu! ~ Hsin-Hua Huang?

(1)Institute of Earth Sciences, Academia Sinica, Taiwan

The spatiotemporal characteristics of earthquake clusters can shed light on the
triggering process behind and physical properties of the crust. Taiwan is located at one
of the most active orogenic belts with a high deformation rate and complex crustal
structures and is expected to observe diverse earthquake activities, such as typical
tectonic-driven mainshock-aftershock (M-A) sequences and fluid-driven swarms
among different tectonic regions. Thus, a proper classification of earthquake clusters is
critical for investigating the tectonic complexity and the varying triggering processes
of local structures in Taiwan, which contributes to the seismicity hazard analysis. We
produce the earthquake cluster catalogs with the combination of statistics-based
nearest-neighbor approach (NNA) and density-based spatial clustering of applications
with noise (DBSCAN) algorithm from January 1990 to June 2018 and further classify
these earthquake clusters into M-A sequences and swarms with an modified k-means
methods. In Taiwan, most of the M-A sequences are distributed around the major
compression zones. The asperity sizes, time duration, and cluster events all show
positive correlations with mainshock magnitudes in the M-A sequences. In contrast, the
swarms are mainly distributed in the southern Central Range and the northern Hualien
areas, which are spatially correlated with the high-fluid-flow regions. Also, the asperity
sizes and cluster events show the low correlation with the mainshock magnitudes in the
swarms.,

Keywords: declustering, k-means, DBSCAN, classification, swarms



The influence of VP/VS on earthquake b value in the Salton Trough
region, Southern California

Sean Kuanhsiang Chen! ~ Hsin-Hua Huang? ~ #/72% ! - Yih-Min Wu? -
Wei-An Chao*
(1)Department of Geosciences, National Taiwan University ~ (2)Institute of Earth Sciences, Academia
Sinica, Taiwan ~ (3)Department of Geosciences, National Taiwan University; Institute of Earth
Sciences, Academia Sinica, Taiwan; National Center for Research on Earthquake Engineering -

(4)Department of Civil Engineering, National Chiao Tung University

Earthquake frequency-magnitude distribution in the crust commonly follows the
b value from the empirical Gutenberg-Richter Power Law. Naturally, it is well-known
that earthquake b value varies primarily with differential stress and earthquake faulting
style and then varies with pore fluid pressure locally. So far, the influence of pore fluid
pressure on b value can only be observed in the subsurface crust by injection wells. It
remains unclear whether the effect is detectable in the scale of the entire crust. The
seismic Vp/Vs ratio is sensitive to crustal crack density and pore fluid saturation to
approximate pore fluid pressure in the crust. Southern California existed high-quality
earthquake catalogs, velocity models, and similar earthquake faulting style, providing
an ideal laboratory investigating how b value varies with Vp/Vs ratio. We find a positive
correlation that the b value increases with VVp/Vs ratio in the Salton Trough region. This
region with abundant earthquake swarms and creep events may imply high pore fluid
pressure to vary the b values. This study highlights that VVp/Vs ratio can be used as an
index to monitor b value variations for earthquake mitigation.

Keywords: earthquake b value, Vp/Vs ratio; pore fluid pressure, differential stress,
Southern California



New insights in seismic tomographic inversion to evaluate and
validate Taiwan reference model
How-Wei Chen?

(1)Department of Earth Sciences, National Central University

Over last three decays seismic tomography study in Taiwan is one of the principal
geophysical techniques for illuminating 3D distribution of Earth structure across a
range of scales. The usefulness of results is dependent on our ability to quantify its
uncertainty. The uncertainty arises from the ill-posed nature of the tomographic
inversion problem as multiple models are capable of satisfying the data. The assessment
of uncertainty remains underdeveloped and is often ignored or given minimal treatment.
The factors that control solution non-uniqueness include starting model, picking, ray or
data coverage, data noise, parameterization, method used for data prediction and
formulation of inverse problem. For those who make use of seismic tomography results
may not have a full appreciation on their reliability through rigorously verification and
validation. Tracing uncertainties can lead to significant improvement in the
quantification of exploring structure imaging.

An effort to evaluate the uncertainty of available 3D models in Taiwan through
travel-time calculations and wave propagation were performed. The uncertainty of
using passive source data is relatively high compare to the use of active source data.
Such result is directly linked to a key issue that without 2D data constraint, 3D inversion
from 1D starting model produce considerable uncertainty. Shortest path or circular ray
tracing is implemented for unstructured Delaunay triangulation mesh system. Ray
tracing through tessellation triangle points for better path coverage can be achieved.
The goal is to reduce the geophysical uncertainty when merge different types of data
which carry various degree of errors while incorporate accurate geographic information
into the model. Thus, mesh system preserves the actual suggestion of velocity
distribution, geological boundaries, topography and bathymetry. Forward seismic ray
tracing for such mesh system also shows better coverage, convergence and accuracy.

Keywords: uncertainty analysis, inverse problem, triangular mesh, triangular/circular
ray tracing
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Fate of the Luzon Arc after subduction: Evidence from stress
inversion along the Taiwan collision boundary
Ban-Yuan Kuo! ~ Pei-Ru Jian! ~ Wen-Tzong Liang?

(1)Institute of Earth Sciences, Academia Sinica, Taiwan

The arc—continent collision boundary of Taiwan involves complex deformation
that is difficult to visualize using conventional two-dimensional stress analyses. We
employed a three-dimensional spatial clustering approach in eastern Taiwan to reveal
how stress varies along the collision boundary. Results show that the maximum
horizontal compression orientation, SH, is parallel to the plate motion throughout the
boundary at all depths except in the crust of the northern segment, where SH exhibits a
clockwise rotation from convergence-parallel by up to 30°. Concurrent with the SH
rotation, the maximum compressive P-axes steepen in the same crustal segment. We
interpret this phenomenon as resulting from the rotation of the stress regime in the crust
of the Luzon Arc forced by the bending of the Ryukyu Arc continental sliver. The
differential response with depth may signify an initial decoupling of the buoyant
volcanic arc from the mantle lithosphere during early subduction.

Keywords: Luzon Arc, collision, subduction, stress inversion, Ryukyu Arc sliver
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Development of new parameter (Hr) as a proxy for
site conditions (Vs3o)
Chun-Te Chen! ~ Chun-Hsiang Kuo? ~ Che-Min Lin® ~ Jyun-Yan Huang? -
Kuo-Liang Wen?
(1)Institute of Earth Sciences, Academia Sinica, Taiwan ~ (2)Department of Earth Sciences, National

Central University ~ (3)National Center for Research on Earthquake Engineering

The average S-wave velocity (Vs) in the upper 30 m (Vsso) is a vital site parameter
widely used for many purposes like microzonation, ground motion prediction equation
(GMPE), and building codes. In this study, we used a newly developed Vs database
inverted by Microtremor Horizontal-to-Vertical Spectra Ratio (MHVSR) including
more than 3500 Vs profiles, to develop a new parameter Hr as a proxy for site condition
(Vs30) in Taiwan. The parameter Hr instead of the predominant frequency (fpeak) as a
proxy for Vs3o reduces the standard deviation and leaves out human judgment and
challenging to identify the predominant frequency of MHVSR. Both Hr and modified
elevation (Em) as predictor variables are adopted to regress a predicted equation for Vszo
can further reduce the uncertainty. The MHVSR and elevation are both obtain, and we
suggest that Hr and Er are optimal parameters to be the Vs3o proxies in Taiwan.

Keywords: S-wave velocity, microtremor, HVSR, Vs30o



Modal frequency and damping ratio of TAIPEI 101:
The response to environmental factors
Yaochieh Chen? ~ Philippe Guéguen? ~ Bor-Shouh Huang?® ~ Chin-Jen Lin3 -
Win-Gee Huang?® ~ Chin-Shang Ku® ~ Kate Huihsuan Chen*
(1)Department of Earth Sciences, National Taiwan Normal University; ISTerre, Universitaire de
Grenoble, Grenoble 38000, France ~ (2)ISTerre, Universitaire de Grenoble, Grenoble 38000, France ~
(3)Institute of Earth Sciences, Academia Sinica, Taiwan ~ (4)Department of Earth Sciences, National

Taiwan Normal University

Continuous monitoring the state of buildings provides the information for
structural health condition, integrity and reliability. Ambient vibration available of
being recorded continuously in time, has been widely used to measure the dynamic
properties of the buildings through modal frequencies approaches (e.g., Clinton et al.,
2006; Nayeri et al., 2008; Ditommaso et al., 2010; Mikael et al., 2013). Over the past
two decades, the globally rapid urbanization demands for the better technology and
practice for long-term monitoring of high-rise buildings with seismic vulnerability. The
behavior of high-rise building is strongly controlled by wind loads, mass of the building,
design of damper and internal structure. The damping ratio of a tall building is found to
be generally nonlinear with vibration amplitude under strong winds. As recognized as
the tallest building in the world from 2004 to 2010, the TAIPEI 101 is located at the
place where earthquakes and strong typhoons frequently occurred. Previous study
investigated how the TAIPEI 101 responded to large earthquakes and typhoons (Chen
etal., 2013; Li et al, 2011). The long-term history of the vibration characteristics of the
TAIPEI 101 however, remain explored. In this study, we aim at using one-year
continuous data from sensors on 90th floor to establish the characteristics of natural
frequency and damping ratio of TAIPEI 101 and further, discuss the possible controlling
factors.

Using the four components of seismogramsin both bending (BLE, BLN) and
torsion (BRN, BRZ) modes recorded at the 90" floors, we computed Random
Decrement Technique to identify the identify three modes of fundamental frequency.
We found that the frequency and damping behavior of horizontal components
isrelatively stable with similar amplitude for three different frequency modes. In
horizontal components, the normalized frequency and damping isrelatively high
between June and September. When we further compare the frequency behavior of the
building with the precipitation, air pressure, relative humidity, temperature, wind
velocity and wind direction recorded at nearby weather station, we found that the
frequency increases with increasing humidity/temperature and decreasing air
pressure/wind velocity. In addition to the control of environmental parameters, we also



demonstrated a logarithmic relationship between frequency and amplitude in all
components and modes. The damping however, seems to reveal higher order
dependency on the amplitude in specifically BLN and BRN components.

Keywords: TAIPEI101, modal frequency, damping ratio



Shallow subsurface structure in the Hualien basin and relevance to
the damage pattern and fault rupture during the 2018 Hualien

earthquake
Chun-Hsiang Kuo! ~ Masumi Yamada? ~ Ikuo Cho® ~ Che-Min Lin*
Ken Miyakoshi® + Yujia Guo® ~ Takumi Hayashida® ~ Yasuhiro Matsumoto’
Yin-Tung Yen® -~ Keng-Chang Kuo®

(1)Department of Earth Sciences, National Central University ~ (2)Disaster Prevention Research

Institute, Kyoto University, Uji, Japan ~ (3)National Institute of Advanced Industrial Science and
Technology, Tsukuba, Japan ~ (4)National Center for Research on Earthquake Engineering, Taiwan ~
(5)Geo-Research Institute, Osaka, Japan ~ (6)Building Research Institute, Tsukuba, Japan ~ (7)Kozo

Keikaku Engineering Inc., Tokyo, Japan ~ (8)Sinotech Engineering Consultants, Inc., Taiwan ~

(9)Kaohsiung University of Science and Technology

The 2018 Mw6.4 Hualien earthquake generated a large peak-to-peak velocity of
over 2 m/s, with a period of 3 s at the south end of the Milun fault, which resulted in
the collapse of five buildings. To investigate the shallow subsurface soil structure and
evaluate possible effects on the ground motion and building damage, we performed
microtremor measurements in the Hualien basin. Based on the velocity structure jointly
inverted from both Rayleigh-wave dispersion curves and microtremor horizontal-to-
vertical spectral ratio data, we found that the shallow subsurface structure generally
deepens from west to east. Close to the Milun fault, the structure becomes shallower,
which is consistent with faulting during the 2018 earthquake and the long-term tectonic
displacement. There is no significant variation for the site conditions in the north-south
direction that can explain the large peak ground velocity in the south. As a result of the
dense measurements in the heavily damaged area, where three high-rise buildings
totally collapsed, these locations have the average S-wave velocity of the upper 30 m
(AVS30) values and are relatively high compared to the more distant area from the
Meilun River. This is somewhat unusual, because lower AVS30 values indicating softer
ground conditions are expected close to the river. We did not find any characteristic
subsurface soil structure that may contribute to the building collapses. The large 3 s
pulse was probably generated by source effects, rather than subsurface soil
amplification.

Keywords: 2018 Hualien earthquake, microtremor measurement
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Ground deformation along the Chegualin fault between 2018 and
2020 from SBAS DInSAR observation
Cheng-Han Lin! ~ Jyr-Ching Hu? ~ Ming-Lang Lin?
(1)Department of Civil Engineering, National Taiwan University ~

(2)Department of Geosciences, National Taiwan University

The Chegualin fault in southern Taiwan is the major active fault within the
Gutinkeng formation in the fold-and-thrust belt. According to Central Geological
Survey in Taiwan, the Chegualin fault is considered as the category two active fault
documented it as a thrust fault striking N-S in the north and gradually striking NE-SW
to the south with various dipping angle. However, several investigations have shown
that the southwestern segment of the Chegaulin fault is recently dominated by right-
lateral movement with minor thrusting component. This fault also shows creeping
behavior which could gradually affect the functions of the infrastructures across the
Chegualin fault. This study aims to reveal the surface deformation rate relevant to the
Chegualin fault zone from 2018 to 2020 by using multi-temporal INSAR analysis. For
this purpose, the Small Baseline (SBAS) DINSAR technique was adopted, which allows
efficiently analyze the temporal deformation on the small temporal and spatial baselines
interferogram network over a wide area. The reliability of the observation and qualities
of the procedures in the SBAS DInSAR workflow were quantitatively evaluated based
on the results of continuous GPS measurements. We further remark that this study
follows the work of Lin et al. (2021) where a numerical workflow for assessing the fault
rupture-engineering structure interaction problems was present. The results of this study
could provide reliable free-field ground deformation data for the calibration of the
numerical simulations in the future.

Keywords: Chegualin fault, ground deformation, SBAS DINnSAR analysis, multi-
temporal observation



Numerical tectonic escape models of southwest Taiwan
Fang-Yi Lee! ~ Eh Tan? ~ Emmy T.Y. Chang*

(1)Institute of Oceanography, National Taiwan University -

(2)Institute of Earth Sciences, Academia Sinica, Taiwan

This study investigates the tectonic escape in SW Taiwan. The studying area in
this research ranges from the Pingtung Plain to the east bound of the Peikang High.
GPS data show a counterclockwise rotation in the velocity field in the inland part of the
studying area. The velocity vectors are around 5 cm/yr westward in the east of the
Pingtung plain and around 5 cm/yr southwestward at the coast of Pingtung and
Kaohsiung. Previous studies suggest that Peikang High may act as a western backstop
and play a crucial role for the tectonic escape here.

Our experiments are 3D dynamic models under elastoplastic deformation regime
with the program DynEarthSol. To construct the circumstances of SW Taiwan, field
observation with fault map, Cenozoic sediment isopach and GPS data are considered
for model settings. Our model is under lateral shortening in E-W direction with a ramp
under Chishan fault, and have a southern open boundary, where materials can escape
through. The frictional strength and the orientation of the open boundary are varied in
our experiments. Common features in all models are: (1) a counterclockwise rotation
in surface velocity field, (2) subsidence around the open boundary, and (3) a dextral
thrust along the “Chishan” fault. The strength of the decollement controls the width of
the fault zone and the degree of rotation in the velocity field. With a high-strength
decollement, the rotation in velocity field is small and the fault zone is narrow. Only
when the basal friction is low enough and the open boundary is parallel to the coastline
between Kaoping river and Chaochou fault, the velocity field would be able to rotate
that much as the observation.

Keywords: numerical simulation, southwest Taiwan, tectonic escape
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Recent geohazards in Taiwan caught on seismic stations and
multidisciplinary techniques
We-An Chao! - the Landslide Working Group?

(1)Department of Civil Engineering, National Yang-Ming Chiao-Tung University ~ (2)Disaster

Prevention and Water Environment Research Center, National Yang-Ming Chiao-Tung University

Mass-movement events on hillslopes are one of frequent natural geohazards
causing fatalities and economic losses. The prevention and mitigation of geohazards
should be based on the understanding of dynamic behavior of event. In the past decade,
landslide seismology has been applied to rapidly determine information on when, where
and how event occur that is useful for hazard assessments. Compared to the
conventional geo-engineering-based techniques such as borehole drilling, inclinometer,
GPS, and piezometer, seismological technique is low-cost and invasive tool and can be
widely adopted. Here, | present the results based on a combined analysis of seismic
signals, multidisciplinary geological survey and numerical simulation for a landslide
event occurred in the Central Cross-Island Highway. Another landslide site (Landslide
Inventory ID: DS160) has been well understood by geological, geophysical, geodetic,
geotechnical, hydrological and seismological perspectives, which not only improved
our understanding in landslide mechanism and but also advanced in studying the
landslide forecasting. Above two case studies have successfully toward a rapid
assessment of highway slope disasters and defining certain thresholds for landslide
forecasting.

Keywords: landslide seismology, hazard assessment, forecasting
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Deformation pattern of landslide by long-term monitoring:
A dip slope case in northern Taiwan
Chia-Han Tseng! ~ Yu-Chang Chan? ~ Ching-Jiang Jeng® ~ Ruei-Juin Rau*
Yu-Chung Hsieh®
(1)Earthquake Disaster and Risk Evaluation and Management Center (E-DREaM), National Central
University ~ (2)Institute of Earth Sciences, Academia Sinica, Taiwan ~ (3)Environmental and Hazards-
Resistant Design Department, Huafan University ~ (4)Department of Earth Sciences, National Cheng-

Kung University ~ (5)Central Geological Survey, MOEA, Taiwan

A natural hillslope developing into a landslide shows ground cracks and
topographic deformation. Geomorphological and subsurface investigations using
appropriate methodology are essential to understand the failure mechanisms and
stability of a hillslope. Huafan University campus located on a dip slope in northern
Taiwan is facing a potential landslide hazard. Slope movement was detected through
the development of ground cracks and persistent deformation of campus buildings and
facilities. To monitor the sliding behavior of the dip slope, a nail network consisting of
144 ground monitoring points was set in 2001, and its coordinates were measured using
conventional traverse surveying twice a year until 2017. The 17-year surficial surveying
results were presented as a time series of displacements with constraints of geometry
and distribution of ground cracks and underground observations. The long-term
surveying results reveal multiple potential sliding blocks within the Huafan University
campus. A model of landslide movement with a listric sliding surface is proposed.
Additionally, from the velocity field derived from the monitoring points, the horizontal
strain rates of the slope are estimated. The pattern of strain rates indicates that a
plausible fault passing through the campus may have affected the movement of the dip
slope. The long-term surface monitoring of a potential landslide slope in this study
provides a reliable and economical way to understand the mechanism of movement
behavior of the slope and evaluate slope stability.

Keywords: dip slope, long-term monitoring, time series of displacement, listric sliding
surface, landslide deformation



Constraining S-wave velocity structure of a complex large-scale deep-
seated landslide at Chunlin, southern Taiwan using Rayleigh wave
ellipticity inversion
Chin-Yao Huang® - Hsin-Hua Huang? ~ Yih-Min Wu!

(1)Department of Geosciences, National Taiwan University ~

(2)Institute of Earth Sciences, Academia Sinica, Taiwan

Large-scale deep-seated landslides are one of the most catastrophic natural hazards
which threaten lives and property in the world. The Chunlin landslide in southern
Taiwan is one of such composed of complex morphology, showing multiple sub-blocks
with different deformation behaviors, and cut through by possible fault zones. As a
result, constraining its subsurface structure is crucial to understand the detailed
geometry of sliding interface and fault zones, and potential weak zones prone to failure.
For this purpose, a seismic network containing 15 stations was installed relatively
uniformly across the Chunlin landslide area in July 2019 to provide comprehensive
observations. We apply a method, named DOP-E (Berbellini et al., 2018), to estimate
degree-of-polarization (DOP) in time-frequency domain to effectively extract and
estimate the Rayleigh wave ellipticity information from seismic noise. We then invert
the ellipticity measurements with neighborhood algorithm for each station to spatially
map the subsurface velocity structure, so as to understand the possible sliding depth and
layering structure of different sub-blocks. This method may also allow the temporal
imaging of subsurface properties in the future.

Keywords: large-scale deep-seated landslides, Chunlin landslide, degree-of-
polarization, Rayleigh waves, ellipticity curve
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Stochastic-based approach to uncertainty quantification of large-
scale landslide
Kim-Tu Tran! ~ Chuen-Fa Ni! ~ I-Hsien Lee?

(1)Graduate Institute of Applied Geology, National Central University -

(2)Center for Environmental Studies, National Central University

Most assessments of landslide hazards are implemented by building the landslide
occurrence risk maps. The levels of uncertainty in investigating the landslide
occurrence depend on many significant factors, such as the model of the landslide area,
the quality of data. The study presents a case study of the Lantai deep-seated landslide
of the Taipingshan National Forest Recreation Area in northern Taiwan. The integration
of the digital elevation model (DEM) and the numerical simulation is conducted to
establish the three-dimension model, which allows evaluating deterministically
landslide hazards based on the stochastic approach. According to the previous
researches, the geological profile and hydrogeological profile are selected. Due to the
limitation of the data, the study uses the naturally susceptible properties of material
characteristics based on spatial distribution. This study provides a framework for
assessing the uncertainty of a large-scale landslide.

Keywords: large-scale landslide, numerical simulation, stochastic approach
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Stochastic groundwater flow and land subsidence modeling in
heterogeneous hydrogeological models in Huwei Town,
Yunlin County
Duc-Huy Tran? ~ Shih-Jung Wang!

(1) Institute of Applied Geology, National Central University

Taiwan High Speed Rail (THSR) is an important infrastructure in Taiwan. It passes
through the Choushui-River Alluvial Fan (CRAF), where has suffered land subsidence.
The distribution of hydrogeological material plays a major role on heterogeneous
aquifer system responsed to groundwater flow and land subsidence. How to quantify
the hydrogeological model uncertaitny in the heterogeneous aquifer system is another
challenge. Therefore, this study adopted the transition probability/Markov chain model
to conduct the realization of 3D heterogeneous hydrogeology. Huwei Town located in
the southern CRAF was chosen as the study area. 46 boreholes, collected from Central
Geological Survey, multi-layer compaction monitoring wells, and irrigation association,
were used to construct the heterogeneous hydrogeological models. Based on the
realization number assessment results, 36 realizations were generated based on
honoring the geological data. Monte Carlo simulations for groundwater flow and land
subsidence were conducted to discuss how hydrogeological models reflects the
geological model uncertainty. The result showed that the coefficient of variations at the
90th percentile of the CDF is 0.295 in the subsidence simulation. An appropriate
realization was selected as the representative hydrogeological model and use to
calibrate the groundwater flow model. A transient model of groundwater flow and land
subsidence in the period of 2015-2020 was conducted based on the observation data.
Different pumping scenarios were employed to assess the long-term land subsidence.
The assessment results showed that after 50% cese of pumping, land subsidence
quantity is largely inproved, compared with the zero scenario. The proposed criterion
for the selection of representative hydrogeological model can provide the best model
for the simulations. The study results can be used for the safety assessment of THSR
and a conscious groundwater management in Huwei Town, Yunlin County.

Keywords: groundwater flow, land subsidence, Markov Chain model, stochastic
analysis, Choushui-River alluvial fan
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Developing modified Bi-viscosity model for studying the mudslide
fluid dynamics
Tso-Ren Wu! ~ Thi-Hong-Nhi Vuong* ~ Chun-Wei Lin! ~ Chun-Yu Wang? -
Chia-Ren Chu?
(1)Graduate Institute of Hydrological and Oceanic Sciences, National Central University -

(2)Department of Civil Engineering, National Central University

This paper incorporates Bingham and bi-viscosity rheology models with the
Navier—Stokes solver to simulate the dynamics and kinematics processes of slumps for
tsunami generation. The rheology models are integrated into a computational fluid
dynamics code, Splash3D, to solve the incompressible Navier—Stokes equations with
volume of fluid surface tracking algorithm. The change between un-yield and yield
phases of the slide material is controlled by the yield stress and yield strain rate in
Bingham and bi-viscosity models, respectively. The integrated model is carefully
validated by the theoretical results and laboratory data with good agreements. This
validated model is then used to simulate the benchmark problem of the failure of the
gypsum tailings dam in East Texas in 1966. The accuracy of predicted flood distances
simulated by both models is about 73% of the observation data. To improve the
prediction, a fixed large viscosity is introduced to describe the un-yield behavior of
tailings material. The yield strain rate is obtained by comparing the simulated
inundation boundary to the field data. This modified bi-viscosity model improves not
only the accuracy of the spreading distance to about 97% but also the accuracy of the
spreading width. The un-yield region in the modified bi-viscosity model is sturdier than
that described in the Bingham model. However, once the tailing material yields, the
material returns to the Bingham property. This model can be used to simulate landslide
tsunamis.

Keywords: mudslide, Bingham, bi-viscus model, rheology, landslide tsunami, local
scour
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Determination of platinum-group elements and Re—Os isotopes using
ID-MC-ICP-MS and N-TIMS from a single digestion of geological
samples
Kuo-Lung Wang* - Zhuyin Chu? ~ Fu-Lung Lin® ~ Hao-Yang Lee®
(1) Institute of Earth Sciences, Academia Sinica, Taiwan; Department of Geosciences, National Taiwan
University ~ (2)State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics,
Chinese Academy of Sciences, Beijing, China ~ (3)Institute of Earth Sciences, Academia Sinica,

Taiwan

A comprehensive method for the precise determination of Re and PGE (i.e., Os, Ir,
Ru, Pt and Pd) concentrations as well as Re-Os isotopic compositions following Chu et
al. (2015) is set up at IESAS in Taipei. About 2 g powder each sample were digested by
the Carius tube method, and the Os was extracted by conventional CCls method. The
Re, Ir, Ru, Pt, and Pd were first subgroup separated from the matrix elements into Re-
Ru, Ir-Pt, and Pd by a 2-ml anion exchange column. Subsequently, the Re-Ru was
further purified by a secondary 0.25 ml anion exchange column to separate Re. The Pd
and Ir-Pt were further successively purified by an Eichrom-LN column to completely
remove Zr and Hf, respectively. Rhenium, Ir, Ru, Pt and Pd were individually measured
by multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS)
NuPlasma Il, except for Os after microdistillation purification was analyzed by negative
thermal ionization mass spectrometry (N-TIMS), Finnigan Triton TIMS, both
instruments installed at IESAS. The measured Os isotopic ratios were corrected for
mass fractionation using %20s/*®80s = 3.08271 after interference corrections and
oxygen corrections using *30/*%0 = 0.002045 and ’O/**0 = 0.0003708 (Creaser et al.
1991). The in-run precisions for Os isotopic measurements were better than 0.3% (2
RSD). During the analytical session in this study, the !¥70s/*®0s ratio of DROsS
reference material was 0.1609+1 (2o, n=25) on nanogram-sized loads measured with
Faraday cups and 0.1607+6 (2o, n=11) on 3.5-175 pg-sized loads measured with the
electron multiplier; both agreed well with the previously reported value (0.16092;
Luguet et al., 2008).

Keywords: Re-Os isotopes, platinum-group elements, ID-MC-ICP-MS, N-TIMS



Improvement of U-Th dating by refining uranium isotopic measuring
techniques on MC-ICP-MS
Hsun-Ming Hu! ~ Chuan-Chou Shen?

(1)Department of Geosciences, National Taiwan University

Over the past decades, the development of speleothem U-Th (28U-2*U-2%Th)
dating techniques on multi-collector inductively coupled plasma mass spectrometry
(MC-ICP-MS) has shed light for precisely reconstructing paleoenvironmental records
back to 600 thousand years ago (ka). However, there are still two difficulties to build
precise chronology for speleothem-based paleo-records with age >500 kyr. (1) For most
100s-kyr-old carbonates with only 100-200-ppb U, to determine precise ages is a
challenge and a large sample size > 1-2 g is required. (2) Even for sample with high
ppm-level U, it is difficult to apply U-Th dating to material with age older than 500 kyr,
mostly hindered by the current analytical limitation of +0.2-0.4%o (25) on 234U/?*8U. To
measure precise 2*U/?3®U ratio on a Thermo-Scientific Neptune MC-ICP-MS, we
developed two new protocols with 2-sigma external errors of £0.7%o. for 0.5 g carbonate
with 100-200-ppb uranium and of £0.1-0.2%o. for 0.5 g carbonate with 1-2-ppm uranium,
Dynamic jumping modes with Faraday cups and a secondary electron multiplier were
designed. The determined 2-sigma age errors are +1 kyr at 400 ka, 3 kyr at 500 ka, +5
kyr at 600 ka, £10 kyr at 700 ka and £20 kyr at 800 ka. The refined isotopic techniques
offer the possible extension of speleothem-based proxy records to 800 ka.

Keywords: U-Th dating, U isotope measurement



In-situ LA-MC-ICPMS Si isotopic measurement for meteorites and

terrestrial samples
Der-Chuen Lee! ~ Yung-Hsin Liut ~ Hao-Yang Lee! ~ Yu-Hsuan Liang*

(1)Institute of Earth Sciences, Academia Sinica, Taiwan

In-situ laser ablation multiple-collector inductively-coupled-plasma mass
spectrometry (LA-MC-ICPMS) for Si isotopic measurement has been set up at the
Institute of Earth Sciences, Academia Sinica, in order to test the possibility of using Si
isotopes to search for Ca-Al-rich inclusions (CAls, the earliest condensates of the solar
system) with fractionated unknown nuclear (FUN) isotopic effects. With identical
petrographic and chemical compositions as the other CAls, FUN CAls exhibit %o to
sub-%o levels of this FUN isotopic effects, e.g., O, Mg, Si, Ca, Ti, and some other
elements, which makes it extremely difficult to look for and to study the petrogenesis
of FUN CAls. We have previously set up in-situ LA-MC-ICPMS for Mg isotopes to
search for FUN CAls with good success, and thus decided to also set up in-situ LA-
MC-ICPMS Si isotopes for the task. A 193 nm Analyte G2 excimer laser is coupled
with a Nu-Plasma Il, with a typical spot size of 50 micron and 50 sec integration time
for each analysis, we are able to reproduce precise and accurate Si isotopic
compositions of BHVO-2, while using the NIST612 as a standard. Preliminary in-
situ LA-MC-ICPMS Si isotopic data for Allende CAls are also consistent with the
published results. Besides meteorites, with proper matrix-matching standards, this set
up can also apply to terrestrial samples.

Keywords: LA-MC-ICPMS, Si isotope, CAl, meteorite, isotopic composition



Reveal the devil in the detail: Nanometer-scale secondary ion mass
spectrometry (Nano-SIMS)
Silver Sung-Yun Hsiao* ~ Der-Chuen Lee? ~ Shang Hsien!

(1) Institute of Astronomy and Astrophysics, Academia Sinica, Taiwan ~ (2)Institute of Earth Sciences,

Academia Sinica, Taiwan

Nanometer-scale secondary ion mass spectrometry (NanoSIMS) has been used for
frontier researches in many field including life, material, earth and planetary sciences.
It can be used to study the spatial distributions of elements and stable isotope
composition by very high spatial resolution (down to 50 nm per pixel) on the surface
of solid samples. The only one NanoSIMS in Taiwan is setup in the core laboratory of
interdisciplinary building of science and technology in Academia Sinica. It equips both
cesium(Cs*) and duoplasmatron oxygen(O- or O2°) ion source that enable to analyze
most metal and non-metal elements. And the trolley detectors (electron multicollector
or faraday cup) can acquire signals of 7 specific isotopes simultaneously. Welcome to
contact us for more collaborations.

Keywords: secondary ion mass spectrometry, stable isotope
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Triple oxygen isotope compositions of Taiwan precipitation
Tsung-Ren Peng® ~ Wen-Jun Zhan!

(1)Department of Soil and Environmental Sciences, National Chung Hsing University

In this report the results of the triple oxygen isotope compositions, including 5170,
5180, and 'O excess defined by In (8'70+1) — 0.528 x In (§'80+1), of Taiwanese
monsoon precipitation are presented. The samples are collected in Daliao (S. Taiwan),
Yi-Lan (N. Taiwan), and Wuling (C. Taiwan), respectively, and are analyzed using
Picarro L2140-i isotopic water analyzer (IWA). The analytical precisions of the IWA
expressed as 1s for the laboratory standards are better than 0.018%. for §'’O and
0.028%o for 380, respectively. Some critical hydro-climatological implications of
Y Qexcess regarding Taiwan are briefly listed below: (1) Humidity conditions in the air
mass source areas of summer and winter precipitation are similar. (2) Both summer and
winter precipitating vapors are almost formed under isotopic equilibrium, but winter
precipitating vapor encounter additional Kinetic fractionation. (3) Most precipitations
are significantly affected by secondary evaporation. Follow-up research is to establish
the dual indicators of d-excess and ’O-excess of water bodies in Taiwan as the basis
for subsequent application research in hydrology and climate.

Keywords: ’Oexcess, monsoon precipitation, Taiwan
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Evaluation of nano-particulate pressed pellet reference materials of
igneous rocks by micro-X-ray fluorescence spectrometry
Kwan-Nang Pang?

(1)Institute of Earth Sciences, Academia Sinica, Taiwan

Micro-X-ray fluorescence spectrometry offers a potentially efficient way of
quantification of major and minor elements in rock samples. However, variables like
accuracy, precision and lower limit of detection have not been widely addressed,
hampering its direct application. In this study, | evaluate six nano-particulate pressed
pellet reference materials of igneous rocks manufactured by myStandard GmbH,
including OKUM (komatiite), BHVO-2 (basalt), BCR-2 (basalt), BIR-1 (basalt), GH
(granite) and AC-E (granite), by bench-top micro-X-ray fluorescence spectrometry
(Bruker M4 Tornado Plus). Analyses were performed with X-ray beam size of ~20 um
in a controlled vacuum by two different ways: (i) averaging >15 spots in a grid on the
sample with measurement time of 120 seconds per spot, and (ii) averaging X-ray spectra
collected over a rectangular area on the sample with measurement time of 20
milliseconds per pixel. X-ray intensity was converted to elemental concentration by
fundamental parameter-based standardless quantification, and data obtained by both
ways correlate very well. I also find that fundamental parameter-based standardless
quantification is only accurate for some elements, as reported in recent investigations,
with P2Os showing the greatest discrepancy among the ten major oxides commonly
reported for igneous rocks. Accuracy, however, could be improved by calibration based
on the reference materials analyzed, as demonstrated by analysis of samples
independently verified by conventional major element analysis. Precision, which is
examined by deviation from the mean of the spot analyses noted above, is good for all
reference materials analyzed, and lower limit of detection is found to be element-
dependent. Overall, micro-X-ray fluorescence spectrometry is promising for rapid
determination of major and some minor elements in igneous rocks, particularly when
sample quantity is limited.

Keywords: micro-X-ray fluorescence, geochemistry, igneous rocks, pressed pellet,
quantification
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Two-end-member mixing in the fluids emitted from mud volcano
Lei-Gong-Huo, Eastern Taiwan: Evidence from Sr isotopes
Hung-Chun Chao! -+ Chen-Feng You? ~ Chun-Chang Huang?

(1)Department of Earth and Environmental Sciences, National Chung-Cheng University -

(2)Department of Earth Sciences, National Cheng Kung University

Mud volcanoes are one of the most important conduits for deep seated materials
to migrate upward in sedimentary basins, convergent margin, and subduction
zones. Mud volcano Lei-Gong-Huo (MV LGH) is a unique mud volcano which is
located on the mélange formation lying on the andesitic volcanic arc. Fluids emitted
from 47 setalite mud volcanoes in MV LGH were sampled and measured their major,
trace elements with 8/Sr/%Sr ratios. Major elements of the fluids are Cl, Na, and Ca,
which are distributed between 291 and 376 mM, 131 and 289 mM, and 48.9 and 313
mM, respectively. High content of B, Ba, Mn, and Sr with relative low concentration of
S and alkalinity are also detected. Comparing with seawater, LGH fluids have lower
Na/Cl, K/CI, and Mg/Cl but higher Ca/Cl ratios, indicating water-rock interaction of
igneous rock and paleo-seawater at source region. This interpretation has further
supported by Sr isotopes, which show low value of & Sr/®Sr ratio down to 0.70710. The
result of spatial distribution showing strong negative correlation between Na, Ca
concentration and Ca, 8Sr/®°Sr ratios indicates two end-member mixing is the major
chemical characteristic. The fluid interacts with igneous rock carrying high Ca, low Na
and low 8Sr/®Sr ratio while those interact with sedimentary rock carrying low Ca, high
Na and high 8Sr/®Sr ratio. The source from igneous region dominates eastern part of
the mud volcanoes in LGH while sedimentary source dominates western part. Most
mud volcanoes show mixing behavior between two sources. The most possible
geolgical structure to perform the spatial distribution on the surface is the negative
flower structure induced by a strike slip fault. In summary, fluids emitted from mud
volcanoes in LGH are originated from two sources, which are water-rock interaction of
paleoseater and igneous rock from the east and sedimentary rock from the west at depth,
resulting from complex geologic background of mélange formation and migrating
through the conduit provided by the fault.

Keywords: mud volcano, Mud volcano Lei-Gong-Huo, Sr isotopes



Linking the Wrangellia flood basalts to the Galapagos hotspot
J. Gregory Shellnutt® ~ Jaroslav Dostal? ~ Tony Lee!

(1)Department of Earth Sciences, National Taiwan Normal University -

(2)Saint Mary's University, Department of Geology

The Triassic volcanic rocks of Wrangellia erupted at an equatorial to tropical
latitude that was within 3000 km of western North America. The mafic and ultramafic
volcanic rocks are compositionally and isotopically similar to those of oceanic plateaux
that were generated from a Pacific mantle plume-type source. The thermal conditions,
estimated from the primitive rocks, indicate that it was a high temperature regime (TP
> 1550°C) consistent with elevated temperatures expected for a mantle plume. The only
active hotspot currently located near the equator of the eastern Pacific Ocean that was
active during the Mesozoic and produced ultramafic volcanic rocks is the Galapagos
hotspot. The calculated mantle potential temperatures, trace elemental ratios, and Sr-
Nd-Pb isotopes of the Wrangellia volcanic rocks are within the range of those from the
Caribbean Plateau and Galapagos Islands, and collectively have similar internal
variability as the Hawaii-Emperor island chain. The paleogeographic constraints,
thermal estimates, and geochemistry suggests that it is possible that the Galapagos
hotspot generated the volcanic rocks of Wrangellia and the Caribbean plateau or, more
broadly, that the eastern Pacific (Panthalassa) Ocean was a unique region where
anomalously high thermal conditions either periodically or continually existed from
~230 Ma to the present day.

Keywords: Wrangellia, Triassic, Galapagos hotspot, Caribbean plateau, ultramafic
volcanic rocks



Geochemical investigation of mafic—ultramafic rocks from the
Archean Olondo greenstone belt on the Aldan Shield,
Siberian Craton
Tran Thi Duyen! ~ Kuo-Lung Wang* ~ Victor P. Kovach?
Alexander B. Kotov? - Sergey Velikoslavinsky? ~ Hao-Yang Lee!
Yoshiyuki lizuka® ~ Li-Wei Kuo® ~ Der-Chuen Lee!

(1)Institute of Earth Sciences, Academia Sinica, Taiwan ~ (2)Institute of Precambrian Geology and
Geochronology, Russian Academy of Sciences ~ (3)Department of Earth Sciences, National Central

University

The Archean Olondo greenstone belt (OGB) is located in the Aldan shield, which
is the largest basement of Siberia craton. Well-preserved abundant mafic-ultramafic
rocks make the OGB unique to other greenstone belts worldwide. The ultramafic rocks
are mainly dunites with minor serpentinites. They are highly refractory, showing U-
shape Rare Earth element patterns with positive to negative Nb anomalies. Platinum
Group Element chemistry suggests they are residual mantle phase. Re-Os isotope
compositions yield mantle model age (TMA) of 2960-3020 Ma. These isotopic and
geochemical features suggest that the OGB dunites are mantle residual after a high
degree of partial melting (>30%) then interacted with subduction-related melt/fluid.
The OGB mafic rocks (komatiitic and tholeiitic basalts) have been metamorphosed
from greenschist to amphibolite facies. Komatiitic basalts are slightly depleted in both
LREE and HREE, suggesting a garnet—bearing source. Tholeiitic basalts are divided
into three groups: depleted, undepleted, and enriched tholeiites. The depleted group is
proposed similar to that of modern N-MORB but lower trace-element abundance,
whereas the enriched group is more like that of modern boninite. The undepleted group
has flat patterns, close to the primitive mantle. The compositional variation of these
mafic rocks is comparable to that of Suprasubduction Zone ophiolites. eNd(t) values of
the OGB mafic rocks range from +0.1 to +3.9, with no variation of Nd isotope
compositions among different rock types. The lower eNd values with negative Nb-Ta-
Ti anomalies could result from either subduction component or crustal contamination.
However, Nb depletion is also revealed in residual dunites, which are unable to be
affected by crustal processes. These overall geochemical data suggest that plate— and
plume—tectonic processes could be involved in the OGB formation and evolution during
Mesoarchean. Therefore, typical modern plate tectonics are likely to operate at 3 Ga.

Keywords: Archean greenstone belt, plate tectonics, geochemistry, mafic-ultramafic
rocks



Supercontinent breakup mechanisms inferred from the thermal state
of Large Igneous Provinces
M.P Manu Prasanth® ~ J. Gregory Shellnutt! ~ Tung-VYi Lee!

(1)Department of Earth Sciences, National Taiwan Normal University

The primary magma solutions and mantle potential temperatures (TP) determined
for flood basalts of LIPs that are associated with Pangea and its breakup. Among the
Pangean LIPs the Oslo rift, Permian Emeishan LIP, and Siberian trap are consistent
with a mantle plume thermal regime. The early-Permian Himalayan LIP exhibit
ambient mantle TP and consistent with melt derivation from a shallow mantle source.
The Post-Pangean LIPs, however, exhibit complex TP relations, and such complexities
in the mantle source can be correlated with the dispersal stages of Pangea. The TP
estimates on 200 Ma. Central Atlantic Magmatic Province (CAMP) and Miocene
Columbia River Basalt are consistent with non-plume sources and the slightly elevated
TP relative to the ambient mantle is attributed to the process like continental insulation
and subduction delamination. The Early Jurassic Karoo-Ferrar LIP, Early Cretaceous
Etendeka LIP, and Paleocene North Atlantic LIP (NALIP) exhibit both mantle plume
and ambient mantle thermal regimes. The TP estimates of Deccan LIP (DLIP) and
Madagascar LIP are consistent with a mantle plume related origin. The mantle plume-
related LIPs and the LIPs that exhibit both lithospheric and sub-lithospheric
components point out that they were emplaced into an already thinned lithosphere.
Despite the mantle plume origin, the plume-induced continental rifting is absent in the
Pangean LIPs like Siberian trap and Emieshan. The LIPs like Himalayan, CAMP, and
Columbia River Basalt Group exhibit significant melt generation and continental rifting
without mantle plumes. The Karoo-Ferrar LIP, Etendeka LIP, and NALIP show
evidence for prior thinned lithosphere and lithosphere-controlled rifting events before
the onset of plume magmatism. We posit, based on the thermal state of the LIPs, that
mantle plumes act as the source of thermal energy rather than the primary driving
mechanism of supercontinent rifting, which is controlled by lithospheric processes.

Keywords: Large Igneous Province, mantle potential temperature, mantle plumes



Tectonic implications of Mesozoic magmatism to initiation of
Cenozoic Basin Development within the passive South China Sea
margin
Meng-Wan (Mary) Yeh! + Mai-Hue Anh? ~ Yu-Lu Chan! ~ Tong-Yi Lee!
(1)Department of Earth Sciences, National Taiwan Normal University -

(2)Institute of Earth Sciences,Academia Sinica, Taiwan

The South China Sea (SCS) is one of the most active exploration regions for oil
and gas over the past decades. This marginal sea situated within three major tectonic
plates of the Eurasian, Indo-Australian and Philippine plate that exhibited various types
of plate boundaries and complex tectonic evolutions due to subsequent subduction and
convergences of numerous micro blocks and accretionary prisms during the Cenozoic
time. In order to decipher the evolution and their tectonic framework, correlation
between the temporal and geographical distribution of Cenozoic magmatism, and the
development histories of major basins within and surrounding the SCS were conducted.
Four major tectonic episodes can be recognized. (Charvet) The SE ward younging trend
of A type granite and high-K calc-alkaline magmatic rock in SE Asia during Paleogen
indicated the initiation of continent extension by eastward retreating of subduction of
the Pacific plate to Asia. This also induced episodic rifting within the basins along the
Asia continental shelf NW of SCS marked by rift onset unconformities. The SCS begin
to spread in N-S direction from the NE region along the E-W trending ridge (C11-7)
around 34-33 Ma possibly response to southward slab pull during the subduction of
proto-South China Sea oceanic crust, which is also marked by the beak up unconformity
within surrounding basins. (3) The left lateral shearing activity of the Red River Shear
zone (27~16 Ma) due to collision of India into Eurasia trigger a southward ridge jump
event (C6b~5c) and the development of the SW sub-region of SCS. The clockwise
rotation of Indochina accompanying the left-lateral shearing event induced asymmetric
graben and half graben development within the basins west of the SCS. (4) The SCS
seized spreading around 15.5 Ma as the Pacific sea plate continued subducted westward.
However, this compressional setting reinforced the subsidence of basins to the
maximum depth till Pliocene.

Keywords: South China Sea, Mesozoic magmatism, basin development, tectonic
reconstruction
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Fossil scleractinian community in Taiwan
Lauriane Ribas-Deulofeu! ~ Chien Hsiang Lin!

(1)Biodiversity Research Center, Academia Sinica, Taiwan

Taiwanese reefs are among the most diverse marine ecosystems on earth, hosting
558 scleractinian species and over 1400 reef fish species. However, the multiple
anthropogenic pressures along with the highly active typhoon regime and recurrent heat
stress anomalies have induced major local degradations of the reefs. While modern
Taiwanese reef biota have been relatively well characterized, little is known on their
past long-term evolutionary trajectory which led to the diversification of this
particularly highly diverse scleractinian coral communities. Furthermore, there is an
important scarcity in research investigating functional aspects of Taiwan’s fossil reefs.
Individual coral fossils from diverse locations in the island have been reported since the
1940s. However, specimens and reports are scatter in diverse organizations and nearly
all of them are not available online. We aim to inventory the existing information on
fossil corals and, further identify potential spatial and temporal knowledge gaps
to reconstruct, at geological scale, the development of the scleractinian coral
communities in  Taiwan. Here, wusing our recent find on late
Miocene Dendrophyllia specimens in northern Taiwan as an example, we demonstrate
the fact that fossil corals are highly underrepresented to the regional paleontological
community. In addition, our project aims to investigate past functioning of coral reef
ecosystems in Taiwan by extending the specimen descriptions to the other taxonomic
groups associated with fossil corals. Ultimately, with this knowledge, we will be able
to better predict coral reef’s survival capacities under the ongoing climate change and
anthropogenic pressures.

Keywords: paleo-ecology, coral reef, fossil scleractinian diversity, Taiwan



Investigation of the stiffness of dinosaur eggs and the feasibility in
contact-incubation in the aspect of mechanics
Hsiao-Jou Wu? ~ Hon-Tsen Yu! ~ Jia-Yang Juang?
(1)Department of Life Science, National Taiwan University ~ (2)Department of Mechanical

Engineering, National Taiwan University

Extant avian egg may be regarded as a naturally perfect design. It has to be fragile
enough to let the chick out, meanwhile, it has to be stiff enough to bear the load induced
by its parents during contact incubation. In our previous work, we studied the eggshells
of over 1000 avian species, and defined a dimensionless number C (also called C
number) to quantify the shell stiffness across a wide range of egg size. We found that C
number was largely constant among Aves. The lowest limit of contact-incubation was
also defined in the aforementioned study. In this paper, we applied the same method to
fossil dinosaur eggs to analyze if contact incubation is possible for these dinosaurs. Our
finite element analysis allows us to create egg models in the computer and simulates
how the eggs deform and break under the contact-incubation scenario. We focus on the
clutch specimens with relatively better preservation (such as troodontid and
oviraptorosaurian clutches). Our study may shed new light on the incubation behavior
of non-avian dinosaurs and the evolution of contact incubation of amniote eggs.

Keywords: dinosaur egg, eggshell, dimensionless number, contact-incubation
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Late Miocene otoliths from northern Taiwan: insights into the rarely
known Neogene coastal fish community of the subtropical northwest
Pacific
Chien-Hsiang Lin' ~ Chi-Wei Chien?

(1)Biodiversity Research Center, Academia Sinica, Taiwan ~ (2)Department of Petroleum Geology,

Exploration & Development Research Institute

Knowledge of Neogene fish diversity in Taiwan is extremely limited. In this paper,
we present a collection of 1716 fish otoliths recovered from the late Miocene lower-
most Kueichulin Formation along the Dahan River in Shulin, New Taipei City; the
collection provides insights into the past fish fauna of the subtropical northwest Pacific.
The abundance and density of otoliths vary across the sites. Although the preservation
of samples is considerably limited, our sample coverage is sufficient and reveals the
presence of at least 34 otolith-based taxa belonging to 13 families. Four new species
are introduced: Larimichthys koae sp. nov., Nibea chaoi sp. nov., Taosciaena jiangi sp.
nov., and T. hui sp. nov. The assemblage is dominated by otoliths of Sciaenidae,
Gobiidae, and Soleidae. Among the earliest fossil records, this collection features a
remarkable abundance of Larimichthys spp. All otolith samples are indicative of a
coastal shallow-water palaeoenvironment with muddy to sandy bottoms. Furthermore,
the fish assemblages were perhaps adjacent to a river mouth. We hypothesize that the
differences in the taxonomic composition between the Shulin assemblage and modern
fauna are mainly chronological and evolutionary, and a mild turnover of certain lineages
has occurred since the Miocene.

Keywords: Kueichulin Formation, palaeodiversity, taxonomy, Larimichthys,
Sciaenidae, palaeoecology



First report of ichnogenus Phymatoderma from Miocene Taliao
Formation (NE Taiwan): Systematic ichnology, behavioral ecology
and paleoenvironmental linkages
Wei-Lun Chen! ~ Ludvig Léwemark?

(1)Department of Geosciences, National Taiwan University

In the Northeast Coast of Taiwan, the ichnogenus Phymatoderma is first reported
in the yellowish sandstone units of the Yehliu Member, Miocene Taliao Formation. In
order to unravel its ichnological identity, ethology and its linkage to paleoenvironment,
several different methods including overall observation (field and hand specimen),
profile sectioning, thin section, micro-CT scanning and X-ray diffraction analysis are
implemented. Interestingly, despite the trace being found within shoreface environment
along with other Skolithos ichnofacies-trace fossils, the morphological analyses show
that the trace fossil strongly resembles the ichnogenus Phymatoderma, which is
previously considered to only appear in deeper marine environments (outer shelf/inner
slope; Zoophycus ichnofacies). In terms of the ethology, some adaptations to the
shoreface environment are presented, including densely packed pelletal active fillings
and the lined wall in central shaft. Furthermore, the goethite which was found in the
pelletal active fillings has implications for the possible diet of the trace maker. The
result reveals not only the diversified ancient iconological activities but also the
appearance of deep-sea trace fossil in shallow marine environment. Moreover, it implies
that the appearance of Phymatoderma is not substantially controlled by the energy level,
food resources, oxygen level and substrate stability behind the outer shelf/inner slope
environment, but by other unknown environmental factors.

Keywords: Phymatoderma, northeast coast, Miocene Taliao Formation, shoreface,
trace fossil, Taiwan



Stereomic microstructures of Scaphechinus mirabilis from Pleistocene
strata in western Taiwan
Yu-Jou Lin! - Jiamm-Neng Fang? ~ Jia-Kang Wang! ~ Jih-Pai Lin?
(1)Department of Geosciences, National Taiwan University ~ (2)Collection Management Department,

National Taiwan Museum

Problem: Stereomic microstructures known as stereom are the fundamental
building blocks of echinoderm ossicles and they are key features to interpret the
function(s) of echinoderm ossicles since Cambrian (~541 Ma). Stereom consists of
three-dimensional mesh of trabeculae filled with interconnecting pores. Trabeculae is
composed of high-magnesium calcite which behaves as a single crystal in each ossicle.
Stereom studies are crucial to understand the phylogeny, growth and soft tissue of
Echinoidea. Fossil echinoids from Taiwan have been studied for decades and many
impressive collections are housed in both public and private museums in Taiwan, but
no report of fossil stereom before.

Goal: The main purpose of this study is to document and report the fossil stereom
preservation of a fossil clypeasteroid Scaphechinus mirabilis recovered from the
Pleistocene strata in the western Taiwan. To understand better the stereom preservation
of S. mirabilis, a total of 971 specimens deposited at the Department of Geosciences,
National Taiwan University (NTUG) were examined. An additional 572 specimens
were studied also.

Methods: Well-preserved specimens were prepared for thin sections, allowing
interpretations of stereom types under polarized light microscope (PLM). Under PLM,
echinoid ossicles boundaries can be recognized easily with open nicol and cross nicol
settings. In order to enhance the contrast, an accessory plate (gypsum plate in this case)
was inserted. Modern specimens of S. mirabilis from Japan were studied also under
scanning electron microscope (SEM) for comparison.

Result: Atotal of 65 well-preserved fossil specimens and one modern sample were
selected for making thin sections. Among the 86 thin sections, 68 sections were
prepared and cut through the bilateral symmetry, and the other 18 thin sections were cut
through different regions of the test, including apical system, petaloid, and
interambulacral areas. Types of stereom and the associated tissues are determined by
calculating the pore size and minimum thickness of trabeculae. Under SEM, tubercles
of modern S. mirabilis can be subdivided into six regions. Our data show that plate
boundaries, growth lines and stereom are clear and identifiable under PLM.

Remark: Dominant types of stereom include labyrinthic, rectilinear and galleried
stereom. The average coarseness of tubercle boss is 10.9 um, and the trabecular
thickness is 12.3 um. The porosity of tubercle boss is 0.89. The average coarseness of



tubercle areole is 18.6 um, and the trabecular thickness is 10.2 um. The porosity of
tubercle areole is 1.8. On the oral-plate, some stronger radial trabecules penetrate into
the adjacent plate in order to strengthen the connection in plates. The average trabecular
thickness of this soild stereom spikes is 20.3 um.

Keywords: Paleontology and stratigraphy, Stereom, Echinodermata, Sand dollars,
Toukoshan Formation



Application of geometric morphometric methodologies to assess
convergence in discoidal morphology in the sand dollar genera
Dendraster and Arachnoides occurring from geographically isolated
regions
Robert Swisher! ~ Jih-Pai Lin!

(1)Department of Geosciences, National Taiwan University

Clypeasteroids, sand dollars, have obtained a unique discoidal perimeter
morphology along the curvature or ambitus. This distinctive flattened and rounded
morphology appears adaptive to their shallow water life habitat, implying importance
in the evolution of this trait. Currently, there is little understanding on how this
morphology was obtained within some clypeasteroids. This study uses geometric
morphometrics to examine fossil clypeasteroid specimens of Dendraster ashleyi from
the western United States and compares with extant Arachnoides placenta material
from Taiwan. The goals of this analysis are: 1) To quantify morphological, ontogenetic,
and developmental variation for the examined clypeasteroid genera; 2) To quantify how
discoidal morphology is developed in the examined genera; 3) To quantify lateral and
posterior morphological variation for the examined genera; and 4) Examining how
regional endemicity and geographic isolation may effect morphological, developmental,
and ontogenetic variation in Clypeasteroids.

This analysis forms the foundation for quantifying how this distinctive discoidal
morphology evolved by assessing morphological variation and comparing
developmental ontogeny between different clypeasteroids. Results demonstrate strong
morphological variation and ontogenetic controls in the aboral/oral surfaces for ambitus
and curvature change. Other examined morphologic features like the petaloid structures
and the lateral and posterior profiles do not demonstrate apparent ontogenetic trends.
Explanations for these trends includes interspecific variation or morphological variation
controlled by environmental factors. Lastly, the results demonstrate the utility of
geometric morphometric methods for assessing morphological and evolutionary
questions within clypeasteroids. This work builds a foundation for broader study of the
development of discoidal morphologies within clypeasteroids and their morphological
and evolutionary history.

Keywords: Clypeasteroida, ontogeny, landmarks, Taiwan, paleobiogeography



Generic-level identification of Astriclypeidae based on onsite
incomplete specimens from Yehliu Geopark, Taiwan
Ammu Sankar Senan! ~ Robert Swisher! ~ Jih-Pai Lin!

(1)Department of Geosciences, National Taiwan University

Problem: Yehliu Geopark is famous with its Queen’s Head made out of Miocene
fossiliferous sandstone. Based on previous studies, there are two distinct forms of fossil
echinoids with lunules: Astriclypeus sp. and Echinodiscus sp. Although they can be
distinguished easily based on the number of lunules if complete, they are difficult to tell
apart when they are disarticulate and fragmentary. In addition, fossils are located in
national park, thus, all studies have to be done on site. Thus, it is hard to access the
ecologic interaction between the two genera.

Goal: The main purpose of this study is developed a method to test if we can
distinguish the two genera apart based on disarticulated specimens on site. The main
advantage is that there are numerous specimens available to be tested and measurements
with good statistical supports can be obtained.

Method: Landmark analysis is a great tool that can be used to understand the
variations in different organismal factors based on morphology. Hence, it can reveal
information about the evolutionary and biological processes as well as the
morphological deviations. The first attempt is to take capture good digital images with
scales, then perform landmark analyses with them afterward.

Result: Three and seven landmark points were taken from each specimen image.
A total of 55 specimens, including both Astriclypeus and Echinodiscus genera, were
examined for the study. The results of the three landmark point data set reveal generic
level distinct clustering of data during the principal component analysis (PCA) for the
two possible genera present, which are Astriclypeus and Echinodiscus of the
Astriclypeidae family. A much similar trend with distinct clusters for the two different
genera was displayed even in the results of the seven landmark point data set.

Remark: This study shows that the landmark analysis can be used efficiently for a
generic level identification despite the specimen incompleteness, and the minimum
number of landmark points. Hence this analysis could also be applicable for broader
population studies in more likely settings. In addition, ratio measurements with a digital
calibrator were made and will be analysed with PCA method for comparison.

Keywords: paleontology and stratigraphy, Echinodermata, Echinoidea,
Astriclypeidae, landmark analysis, PCA
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Machine learning for facies classification: a new approach based on
high-resolution element data from shallow marine sediment cores
(East Frisian Wadden Sea, Germany)

An-Sheng Lee! ~ Dirk Enters? ~ Bernd Zolitschka® - Sofia Ya-Hsuan Liou®
(1)National Taiwan University, Department of Geosciences and Research Center for Future Earth,
Taipei, Taiwan; University of Bremen, Institute of Geography, Germany ~ (2)Lower Saxony Institute
for Historical Coastal Research, Wilhelmshaven, Germany ~ (3)University of Bremen, Institute of

Geography, Germany ~ (4)Department of Geosciences, National Taiwan University

Sediment facies classification is an important first step to investigate depositional
environments and provides primary information for further analyses and interpretations.
The conventional method relies on sedimentological observations and experience,
which include a macroscopical description of color and sediment structure, basic
chemical and physical tests, and the evaluation of biological remains. Without time-
and labor-consuming quantitative measurements, these classifications are not objective
and not easy to re-evaluate. We propose high-resolution core scanning as an alternative
of human observation and an automatic facies classification model that was trained by
a subset of conventionally identified facies to minimize the disadvantages of standard
core descriptions and facies classification. For this study, we make use of 92 sediment
cores that have been retrieved from the coastal area around the island of Norderney,
Germany. These sediments were classified by a group of sedimentologists into 12 facies,
including marine (e.g. shoreface, channel and sand flat sediments) and terrestrial (e.g.
peat and moraine deposit) sediments. Our approach is based on 2 mm resolution profiles
of 12 elements from these sediment cores, acquired from an Itrax X-ray fluorescence
(XRF) core scanner. These measurements are expected to correspond with human
observations. Machine learning algorithms (Logistic regression, Random forest and
Support vector machine) have been applied and cross-validation was used to determine
the optimal model. The performance of the best model reaches 61% prediction accuracy
in a test set, which is promising compared to a random guess from the same 12 facies.
Two matrices (confusion matrix and conjunction matrix) are provided to understand the
performance in more detail. Our result is a further step to introduce machine learning
techniques into the field of geosciences and gives a broader coverage of sediment in
diversity and quantity.

Keywords: sediment facies classification, Wadden Sea, u-XRF core scanning,
machine learning
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The fate of petrogenic organic carbon in Beinan River catchment
Wan-Yin Lien® ~ Li-Hung Lin! ~ Pei-Ling Wang? ~ Chih-Tung Chen?
(1)Department of Geosciences, National Taiwan University ~ (2)Institute of Oceanography, National

Taiwan University ~ (3)Department of Earth Sciences, National Central University

Petrogenic organic carbon (OCpetro) had been regarded as non-degradable and
excluded from carbon cycle due to its graphite-like structure. Recently, OCpetro Was
inferred to be oxidized by microbial activities in large river systems, hence contributing
CO: to atmosphere. However, the fate of OCpetro in sSmall mountainous river systems
where fresh bedrocks rapidly expose to weathering front but with short transport
distance is still uncertain. To provide additional constraints, Raman spectroscopy was
applied to rocks, soils and river sediments in Beinan catchment and marine sediments
alongside Taitung submarine canyon. The degree of graphitization of OCpetro Was
distinguished based on the peak metamorphic temperature versus total full widths (at
half maximum). Data derived from bedrocks clustered mostly between lower- and
mildly-graphitized level and some in highly-graphitized level. The graphitization
degrees of suspended loads and most of bedloads were similar to bedrocks, indicating
mechanical mixture of detritus without substantial alteration. However, data points
from bedloads in the estuary and soil samples scattered towards disordered level. For
marine sediments, the graphitization degrees of samples increase with the travel
distance from land. Comparison of Raman parameters demonstrates the impact of long
residence time on OCpetro in soils and bedload sediments in the estuary, causing
degradation of graphitized OCpetro. Contrarily, disordered OCpetro is preferentially
consumed during long transporting; therefore, graphitized OCpetro remains in marine
sediments at distant location.

Keywords: petrogenic organic carbon, Raman spectroscopy, weathering process
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Global distribution of chemical weathering rate: potential shift from
erosion and climate change
Jr-Chuan Huang! ~ Meng-Chang Lu® ~ Pei-Hao Chen? ~ Shih-Chien Chan?
Ying-San Liou® ~ Chien-Sen Liao* - Min-Hui Lo®
(1)Department of Geography, National Taiwan University ~ (2)Department of Geography, National
Changhwa University of Education ~ (3)Department of Natural Resources and Environmental Studies,
National Dong-Hwa University ~ (4)Department of Civil and Ecological Engineering, 1-Shou

University ~ (5)Department of Atmospheric Science, National Taiwan University

Chemical weathering, which draws much attention due to its capacity of
atmospheric CO2 drawdown, exhibits a tight interplay between physical erosion and
runoff, but its global distribution remains unclear due to its (de) coupling with physical
erosion. Here we use data from 211 rivers globally and a modified hydrologic regulation
model to quantitatively simulate global distributed SiO; yield. Modeling results infer
that the sediment concentration of 100 mg L™ could separate coupling between
chemical weathering and physical erosion reasonably and applicably. Under climate
scenarios, kinetically-limited weathering in high- and low-mountains account for 29.3
and 24.3% of the increased SiO, export, whereas supply-limited weathering in high-
and low-mountains contribute 13.4 and 23.0%, respectively. Conclusively, kinetically-
limited weathering in mountains predominately responds to SiO2 increase under
climate change, even solely enhanced by runoff; however, the chemical weathering in
low-mountains, where both supply- and kinetically-limited weathering are accelerated
simultaneously, are more efficiently responsible to climate change.

Keywords: chemical weathering, physical erosion, supply-limited, kinetically-limited,
atmospheric CO2 drawdown



Geochemical characteristics of chemical weathering and elemental
cycle in a mountainous catchment in eastern Taiwan
Pei-Ling Wang?! ~ Yi-Jie Wang?! ~ I-Feng Wu? ~ Jing-Yi Tseng? -
Bo-Yu Chen? ~ Jui-Fen Tsai? ~ Li-Hung Lin?

(1)Institute of Oceanography, National Taiwan University ~ (2)Department of Geosciences, National

Taiwan University

Chemical weathering plays a critical role in the global carbon cycle. A
balance among silicate weathering, biospheric POC erosion, sulfide oxidation,
petrogenic OC oxidation determines the atmospheric CO> fluctuation in different time
scales. However, the contribution of each process is highly variable depending on
climatic or tectonic forcings. As small rivers in active orogens across Asia and Oceania
deliver solutes and sediments at a rate surpassing large rivers on the per-area basis, the
reaction pathway of chemical weathering and elemental cycling remain poorly clarified.
This study aims to investigate the spatial and temporal variations in patterns of chemical
weathering along the Beinan river system in eastern Taiwan where fluxes of both carbon
and sediment export are the largest in Taiwan. Analyses of river water collected from
different tributaries yielded Ca?*, SO4% and dissolved inorganic carbon (DIC) as the
major constitutes. In particular, SO4% concentrations are two to sixteen times higher
than the average world value. Dual isotopic compositions of sulfate combined with the
solute pattern and geological occurrence indicated that the sulfate is primarily attributed
to being produced from pyrite oxidation. While carbon isotopic compositions indicate
multiple sources of DIC, partial pressures of CO» often exceed the atmospheric
equilibrium saturation state. Elemental and isotopic compositions of suspended particle
and bedload suggest the petrogenic OC may be dominant in most samples except for
the upstream site. Using a computational approach, we demonstrate that the short-
termed CO; efflux was correlated with the flux of pyrite-derived carbonate weathering
with spatial and seasonal variations. Further examination is still wanted for
discriminating biogenic and petrogenic organic carbon sources and their fates in such a
mountainous catchment.

Keywords: chemical weathering, elemental cycle, mountainous catchment



Behavior of radiogenic and stable Sr isotopes of river water and
groundwater collected from Hsinwulu River
Hung-Chun Chao? ~ Chen-Feng You? ~ Hou-Chun Liu?
Chuan-Hsiung Chung?

(1)Department of Earth and Environmental Sciences, National Chung-Cheng University ~

(2)Department of Earth Sciences, National Cheng Kung University

Traditional radiogenic Sr isotope is a robust tool as a tracer for water mass in the
hydrosphere. However, the variation of stable Sr isotope in the surface water is
presently considered controlling by the source, incongruent weathering, and secondary
mineral precipitation. River water from main stream and major tributaries of Hsin-wu-
lu River and groundwater were collected and measured their major constitution and
dual Sr isotopes. The results of major elements indicate fresh upstream water with high
sulfate, calcium, and sodium tributary (Da-Lun River). Ca/Na ratio also indicates a
carbonate dominated river water at upstream and shifted to silicate dominated river
water after converge with Da-Lun River. Radiogenic Sr isotopes (87Sr/%8Sr) indicate that
all tributaries has higher 8’Sr/%Sr than main stream but only Da-Lun River is big enough
to increase the main stream siginificantly. Groundwater in Site DL shows decreasing
87Sr/85Sr ratio with depth and deep groundwater has the lowest 8/Sr/8Sr ratio among all
samples. Stable Sr isotopes (8%Sr) show relatively small variation, possible resulting
from incongruent weathering and/or minor carbonate precipitation. The limited data
indicates the complexity end member of river water in Hsinwulu River and more
samples from springs, tributaries, and different seasons are needed to get better
understanding of the catchment.

Keywords: Sr isotopes, chemical weathering, river water
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Influences of stress variation on the evolution of 3D fracture system:
An example in NE Taiwan Influences of stress variation on the
evolution of 3D fracture system: An example in NE Taiwan
En-Chao Yeh! ~ Huong-Thi Pham! ~ Ping-Chuan Chen? ~ Yu-Chang Chan?® -
Chih-Hsiang Yeh* ~ Kuo-Jen Chang® ~ Yu-Chung Hsieh®
(1)Department of Earth Sciences, National Taiwan Normal University ~ (2)Department of Geosciences,
National Taiwan University ~ (3)Institute of Earth Sciences, Academia Sinica, Taiwan ~ (4)Department
of Civil Engineering, National Central University ~ (5)Department of Civil Engineering, National

Taipei University of Technology ~ (6)Central Geological Survey, MOEA, Taiwan

Fractures can be nucleated and/or reactivated by appropriated stress state. It is well
established that NE Taiwan has been experienced the tectonic evolution from oblique
collision to backarc extension in the view of stress variation during late Cenozoic. In
this study, we will verify whether fractures in NE Taiwan can be manipulated by the
stress change along the NE coastline of Taiwan.

3D fracture maps and stress state are two essential elements in this experiment. We
recognized 120 of 187 reliable fractures based on DEM analysis and interpretation and
further calculated their attitudes. Stress inversion was conducted from focal mechanism
data of 1991 to 2016. Inferred stress state can be divided into 3 domains with 12 cells
from north to south. After evaluating the fracture instabilities with corresponded stress
path, it is realized that surface fractures in DEM could be nucleated with the applied
stress field in the evolution of the tectonic setting from the south to the north along the
coastline area at NE Taiwan. We also examined the slip tendency to explore the
reactivation tendency of nucleated surface fractures. The results confirmed the
important role of the back-arc extension of Okinawa Trough opening to reactivate
surface fractures in NE Taiwan. Therefore, correlation between 3D fracture map and
stress state can afford vital applications in terms of the landslide, groundwater, site
characteristics and scientific research issues.

Keywords: fracture instability, 3D fracture system, stress, NE Taiwan



The remaining exploration potential of onshore Taiwan as evidenced
by the evolution of oil and gas discoveries in the Llanos basin,
Colombia
Duen-Chien Mou! - Ruei-Tze Huang?

(1)Formosa Energy Co., Ltd.

Onshore Taiwan exploration had enjoyed some major successes in the Chu-Miao
area in the 1960s and early 1970s by exploiting deeper reservoir targets and drilling
prominent anticlines defined mainly by surface mapping. This high degree of success
began tapering off after the late 1970s, with just a few smaller fault trap and biogenic
gas discoveries made south of the Peikang High. On the other hand, Llanos basin has
been the most important oil producing basin in Colombia for decades where new
discoveries have been made continuously since the 1960s.

When comparing exploration history of onshore Taiwan to the Llanos basin, one
can notice that both places had started their exploration effort in a similar humble
fashion. Subsequent development of new exploration concepts and implementation of
modern technologies in the Llanos basin by various oil companies, however, have not
progressed satisfactorily in Taiwan.

With further application of 3D seismic, depth imaging, dynamic petroleum system
modeling, reservoir facies analysis, and directional and horizontal drilling, most of the
successful plays in Llanos like sub-thrust duplex structures, subtle fault and
stratigraphic traps, downthrown fault closures, can have good chance to be duplicated
in Taiwan. Adding turbidite channel-fan and mud diapir plays existing in southern
Taiwan but not in Llanos, exploring onshore Taiwan by testing high-potential but low-
risk prospects is expected to produce significant amount of new hydrocarbon reserves.

Keywords: exploration history, exploration potential, Llanos basin, onshore Taiwan
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Re-examine the active volcanoes in Taiwan
Sheng-Rong Song!

(1)Department of Geosciences, National Taiwan University

\olcanic Hazards have been fitted into the Central Disaster Prevention and
Response Council of the Central Emergency Operation Center (CEOC), which need to
build up the warning system and emergent plans in 2018. It, thus, needs to know where
the active volcano is for preventing volcanic disasters. Volcanologically, two criteria,
the empirical and phenomenal have been used to define an active volcano. The former
is a volcano having erupted during the last 10,000 yrs, while the latter is a magmatic
plumbing system still being working underneath (Szakacs, 1994). Currently, two active
volcanoes have been identified. One is the Tatun Volcano Group, while the other is the
Kueishantao volcano. However, based on the geological information of inland and
offshore of Taiwan, several potentially active volcanoes.have been recognized. They
are located in the offshore islands and submarine of north and east Taiwan. Historically,
four submarine eruptive events have been recorded in captain log, which occurred in
1853, 1854, 1867 and 1916. Meanwhile, three volcanic islands, the Pengchiahsu,
Mienhuahsu and Huapinghsu in north Taiwan and one, the Hsialanyu in the southeast
offshore may also be the active ones, based on the preliminary field surveys,
occurrences and dating. However, they still study in detail for building up the warning
system and emergent plans in the future.

Keywords: active volcano, volcanic hazard, Taiwan
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Petrel Reservoir Modeling — Integrated workflow on geothermal
reservoir characterization
Andy Min-Hao Wang?
(1)Schlumberger

The Petrel E&P software platform is the standard tool in the oil and gas industry,
it brings various disciplines together, such as geosciences, reservoir engineering,
production engineering, and drilling. This shared earth approach enables companies to
standardize workflows from exploration to production, so they can make better
decisions based on a clear understanding of both opportunities and risks. In the
presentation, we are applying the integrated workflow from oil and gas to geothermal
reservoir characterization. In the proposed workflow using Petrel, it allows the
combination of all the geological and geophysical data to characterize the geothermal
reservoir and create a 3D model to visualize all features of the hot water system.

Keywords: Petrel E&P software platform; 3D reservoir modeling; geothermal
reservoir characterization



Wireline openhole logging for geothermal reservoir
Ching-An Lee!
(1)Schlumberger Overseas S. A.

Schlumberger provide the advanced technology to reveal the geologic details in
oil and gas industry. Wireline openhole logging deploying sensors to measure all
aspects of the reservoir in real time. CPC Corporation, Taiwan adopted our wireline
logging services into geothermal reservoir from 2018 to 2020.

We had provided several openhole logging services in geothermal reservoir. From
PEX-HRLA-DSLT (triple-combo neutron, density, resistivity and slowness), FMI
(Fullbore formation microimager), DSI (Dipole Shear Sonic Imager) to MAST
(Multimode Array Sonic Tool, Sonic Scanner).

In the presentation, we are demonstrating the various data we acquired from
wireline openhole logging in the reservoir. We provide the answers for informed
decision making and risk reduction from precise and accurate downhole logging
measurements. Understanding local and field-wide structure and variability helps to
achieve optimal reservoir contact and guide well paths to avoid hazards. Combine with
Petrel software, Schlumberger set an example for the exploration in geothermal
reservoir.

Keywords: wireline openhole logging, geothermal reservoir



The magnetic inversion by using the velocity-based initial model
Chun-Rong Chen! ~ Jann-Yenq Liu?
(1)Industrial Technology Research Institute; Department of Space Science and Engineering, National

Central University ~ (2)Department of Space Science and Engineering, National Central University

Non-uniqueness is a problem encountered while imaging subsurface susceptibility
by inverting magnetic field surveys. We propose a novel method to construct velocity-
susceptibility initial models using Vp together with the Vp/Vs ratio from seismic
tomography to improve the model which satisfies more information and better identifies
locations of high-susceptibility materials. For comparison, two recovered susceptibility
structures are derived from two distinct initials (homogeneous and velocity-
susceptibility) models through the standard inversion process. Two profiles with the
intense undulation of magnetic anomalies over sedimentary areas in central-west
Taiwan and complex geological structures at the rim of the subduction zone in northeast
Taiwan are used as examples to compare the results of the initial models. The inversion
results suggest that the susceptibility structures from both models agree in terms of the
location of the fault zones, specifically at depth < 10 km. Recovered susceptibility
structures derived from the velocity-susceptibility initial model agree with the
geological structure that reduces uncertainty at depth > 10 km. Consequently, the initial
model with velocity constraints lowers the non-uniqueness associated with the
inversion of magnetic anomalies.

Keywords: magnetic anomaly, geothermal energy, velocity tomography



A role of geothermal heat on energy conservation: Implications for
Green (low-carbon) campus in Taiwan
Sheng-Rong Song* ~ Yi-Chia Lu! + Chyi Wang!

(1)Department of Geosciences, National Taiwan University

Energy policy includes production, conservation and storage, which the
geothermal heat can play all of the roles. For example, the geothermal heats can
construct a power plant for electricity supply, to build up heat pump for district heating
and cooling on saving energy, and to store the energy underground for future utilization.
The direct utilization of shallower geothermal energy, the heat pump is the most widely
uses in the world, which may be up to over 70.32 GW1 currently. It can be applied on
district heating in high latitude, and on local cooling in low latitude. Based on the
cooling experiments of heat pumps in tropical and subtropical countries, i.e. Vietnam,
Thailand and Indonesia etc., the energy conservation of those testing can save the power
up to 50%. Therefore, the International Energy Agency (IEA)-Geothermal promotes the
direct uses of geothermal heat in last decade in the world. Taiwan is located in tropical
and subtropical areas, which the average season temperatures are 28°C and 16°C in
summer and winter, respectively. Based on the statistics of Taipower, the summer need
more about 2.2 billion KWh extra-electricity monthly for cooling than winter.
Meanwhile, the cooling system uses air as media and discharge heat out to street to
induce the temperature up and phenomena of heat island in most Taiwan metropolitan
cities. Moreover, the Executive Yuan announced to install air conditioners for all of the
elemental and high schools in Taiwan that will increase the usages of electricity and
power structures in the future. The heat pump for cooling may provide a solution for
not only to save energy and reduce the electricity shortage, but also lower temperature
and heat island of a city in Taiwan. Furthermore, the heat pump can also play a role on
green (low carbon) campus of university or industrial parks, which is the world trend
for reducing carbon emissions.

Keywords: geothermal energy, heat pump, Green campus, Taiwan
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Marine evidence for Holocene flooding and climate change off SW
Taiwan (EAGER core MD18-3548/MD18-3552)
Pai-Sen Yu?! ~ Ting-Ting Chen!

(1)Taiwan Ocean Research Institute, National Applied Research Laboratories

Taiwan, regularly affected by both climatic forcing (East Asian Monsoon,
typhoons, and extreme climate/weather events) and tectonic origin (intense seismicity,
and marine landslides), provides significant scientific topics and excellent material for
testing past climate change and tectonic hypotheses. The EAGER’s marine core MD18-
3548/MD18-3552 (21.879°N; 119.953°E; water depth 1752 m) off SW Taiwan was
investigated in order to reconstruct late Quaternary paleoceanographic changes and
regional flooding events based on non-destructive technique. In contrast to traditional
technique of stable oxygen isotope stratigraphy, the age model of core MD18-3552 was
constructed using four AMS C*dating and visible color reflectance data with/no
MSCL physical properties. These extra-high sedimentation rates estimated for the top
16 m (equal to ~10 ka) could provide for clay mineral composition and associated
paleoclimatic/paleoceanographic variations on centennial-to-millennial time scales.
Besides, our results indicate that illite and goethite would represent a long-trend humid
condition off SW Taiwan during the Holocene, which coincides with local insolation.
The frequency of high illite would imply that heavy rainfall over SW Taiwan caused
Holocene floodings. Moreover, we observed that Hematite existed large amplitude
changes with ~1500 yr cyclical fluctuations, suggesting a plausible dynamic climate
tele-connection between local process and extra-tropical forcing in the Holocene.

Keywords: EAGER cruise, off SW Taiwan, non-destructive technique,
paleoceanographic changes, Holocene flooding events
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