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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



Accelerating full-waveform inversion using source stacking followed
by cross-correlation
Li-Wei Chen' ~ Barbara Romanowicz
(1)University of California at Berkeley, United States ~ (2)University of California at Berkeley, United

States; Collége de France Paris, France; Institut de Physique du Globe, Paris, France

The spectral element method has been used for computing accurate synthetic
seismic wavefields and has been successful at improving resolution in the full
waveform global tomography. While its computational cost is still a challenging
issue. Source stacking (Capdeville et al., 2005) has been proposed to effectively
reduce the numerical cost in wavefield computations for global tomography. However
high-amplitude fundamental mode surface wave always dominates the summed
waveforms, where the contribution from overtone energy is hidden. With a misfit
function defined by cross-correlating the summed waveforms between station-pairs, it
is possible to boost the contribution of time windows containing overtones and body
waves, as well as to apply a path-weighting scheme (Romanowicz et al., 2019). Since
we can apply the same processing to the 3D synthetics and observations, and we have
a good knowledge of location and mechanism, the quality of reconstruction of green’s
function is less important than in the case of Ambient Noise Tomography. To evaluate
the capability of resolving the seismic structures, here we present a series of synthetic
tests based on modified SEMUCB-WMI1 (French and Romanowicz, 2015), in which a
weakened radial anisotropy layer is replaced at the depth from range 30km to 50km.
Also, we've collected a new real dataset and present our first application to the real

data on a global scale.

Keywords: full-waveform global tomography



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 Huangl

(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 pore fluid pressure on earthquake b value in
Southern California: a seismic velocity viewpoint
Sean Kuanhsiang Chen' ~ Hsin-Hua Huang® ~ %1723 ' - 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/Vg 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/Vg ratio.
We find a positive correlation that the b value increases with Vp/Vyg 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 Vp/Vg

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



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
CCly 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 II, 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 '*?0s/'"**0s = 3.08271
after interference corrections and oxygen corrections using '*0/'°O = 0.002045
and '"0/'°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 '®’0s/"**Os ratio of DROSsS reference material was 0.1609+1 (26, 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 (***U-**U-*°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%0 (20)

e /e 24U/P8U ratio on a Thermo-Scientific Neptune

on U. To measure precise
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 Liu' ~ 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 I, 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 CAIs 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, CAI, 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 O,) 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 Pengl + 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
8'70, §"0, and 'O excess defined by In (8'70+1) — 0.528 x In (8'*0+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 L2140-1 isotopic water analyzer (IWA). The analytical
precisions of the IWA expressed as 1s for the laboratory standards are better than
0.018% for &0 and 0.028% for &'0, respectively. Some critical
hydro-climatological implications of 17Oexcess 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
"0-excess of water bodies in Taiwan as the basis for subsequent application research

in hydrology and climate.

1 .. . .
Keywords: 7Oexcess, monsoon precipitation, Taiwan
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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, using 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



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 7. hui sp. nov. The assemblage is dominated by
otoliths of Sciaenidae, Gobiidae, and Soleidaec. Among the earliest fossil records, this
collection features a remarkable abundance of Larimichthys spp. All otolith samples
are indicative of a coastal shallow-water palacoenvironment 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, palacoecology
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The analysis of the 2020 Hpakant Jade Mine slope failure event using
multi-sensor data integration
Yunung Nina Lin' ~ Edward Park” ~ Yu Wang’ ~ Yu-Pin Quek® ~ Jana Lim” - Enner
Alcantara® ~ Huuloc Ho’
(Institute of Earth Sciences, Academia Sinica, Taiwan - (2)National Institute of Education, Nanyang
Technological University, Singapore ~ (3)Department of Geosciences, National Taiwan University »
(4)Department of Environmental Engineering, Sao Paulo State University, Brazil ~ (5)Water

Engineering and Management, Asian Institute of Technology, Thailand

Northern Myanmar is currently the largest jade mining area around the world,
with most of the mining activities occurring near the Hpakant area. The rapid
expansion of jade mining in the past decade has significantly modified the topography,
and triggered frequent fatal landslides in the mining quarries. The landslide in the Wai
Khar open-pit jade mine on 2 July 2020 is one of the recent examples of quarry failure
in the region, killing at least 172 jade miners in one single failure event. In order to
understand the landscape evolution and the potential causes of this landslide, we
integrate remote sensing observations from both optical satellite images and
Sentinel-1 InSAR time-series, together with multi-temporal digital elevation models
(SRTM and AW3D30), Landsat-based soil moisture time-series, CHIRPS
precipitation time-series, and the video footages of the mining site before and after the
landslide, to investigate the change of the Wai Khar open-pit mine between 2000 and
2020. Our result points out that the Wai Khar mining site is under aggressive mining
cycles exacerbated by frequent, uncontrolled landslides. The tailings, which many
have been turned into the residential areas north of the quarry pit, shows rapid
subsidence especially near the rim of the pit. Rapid compaction of the tailings likely
causes water expulsion and induces seepage failure. Since the precipitation record
suggests below-average rainfall in the beginning of the 2020 monsoon season, the
occurrence of landslide means the sliding planes were already in critical state. This
critical state is manifested by the accelerated subsidence around the collapse area
since the beginning of 2020. Altogether, our study suggests the Wai Khar open-pit
failure is not directly caused by extreme rainfall, but by the combinations of weak

geology and improper planning/management of the mining site.

Keywords: open-pit mine, slope failure, seepage failure, tailing subsidence, InSAR
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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
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Electron microscopic study of smythite as a diagenetic reaction
product of pyrrhotite in methane cold-seep sediments from
Fengliao Ridge off SW Taiwan

Ko-Chun Huang' ~ Wei-Teh Jiang'
(1)Department of Earth Sciences, National Cheng Kung University

Smythite was considered to have a formula of Fe;Siand a pyrrhotite-like hep
structure intervened by a b/6 offset adjoining a vacant octahedral layer very 4 sulfur
planes but its composition was subsequently re-determined to be FeoS;;. In this study,
smythite as a reaction product of diagenetic pyrrhotite in cold-seep sediments from
Fangliao Ridge off SW Taiwan was investigated by FESEM-EBSD-EDS and HRTEM.
Aggregates of platy crystals of pyrrhotite or reacted pyrrhotite were identified in
sediments from 7 depth intervals across the sulfate-methane transition zone at 2-3
mbsf of a 5-m sediment core. EDS analyses revealed that the replacement products of
pyrrhotite included smythite (FeyS;;) and domains having smythite-like compositions
and EBSD patterns unmatched with the known smythite or pyrrhotite structures. The
zone-axis diffraction patterns of the EDS- and EBSD-verified smythite exhibited
well-defined 00/ and even-hhl (e.g., 20) reflections indicating a periodicity of 6C (ca.
34 A) and odd-hhl (e.g., 1/) reflection rows showing streaking along c*. Such
diffraction features and the periodic b/6 offsets of octahedral layers observed in
HRTEM images partially supported the early structure model for smythite but were
inconsistent with a rhombohedral lattice. In addition to the aforementioned smythite
or pyrrhotite diffraction features, the EBSD-unidentifiable smythite-like domains
displayed diffraction spots slightly elongated and strong streaking along c* in the 00/
and all of the A/ reflection rows. The results implied that the Fangliao Ridge smythite
had a primitive 6C structure consisting of three 2C units separated by b/6 offsets
associated with partially occupied octahedral layers. The EBSD-unidentifiable
smythite-like domains probably included interstratified layers of smythite- and
pyrrhotite-like phases containing partially disordered octahedral vacancies and could

be considered a transitional product for the reaction from 4C pyrrhotite to smythite.

Keywords: smythite, pyrrhotite, cold seep, electron microscopy, diagenesis



Weathering of rock fulgurite in Kinmen Island, Taiwan
Tze-Yuan Chen' ~ Li-Wei Kuo®
(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

Lightning is one of the most vigorous nature events with the typical energy of
1GJ per strike. Cloud-to-ground (CG) lightning can transmit the carried energy to the
target material, resulting in an increase of temperature up to 2000 k. The target
materials will (partially) melt and quench rapidly, termed fulgurite. The typical
morphology of a rock fulgurite is a dozens-to-hundreds-micrometer-thick dark layer
of glass, with the porosity of 5-7 area %, covering on the surface or filling in the
pre-existing fractures of the host rock. However, the determination of rock fulgurite is
challenging because of the absence of the glassy layer, likely due to weathering. To
investigate the weathering of rock fulgurite, this study presents different field
occurrences of the fulgurite relict with its remained microstructural and chemical
characteristics and develops a field-based glass dissolution model to provide the time
constraint. Our recent works have characterized the rock fulgurite formed in 2018,
showing the distributed dark area of ~10 m”. On the exposed surface of the granitic
gneiss hill adjacent to the rock fulgurite, several pits with different dark-crust relict
(<0.1 m?) were found, showing the consequence of weathering. Our model suggests
that the 100-micrometer-thick rock fulgurite glass would take ~140 years to be
dissolved. Our results imply that rock fulgurites are vastly under-reported due to their
vulnerability to destruction and the resulting difficulty in identification. The criteria
we propose to distinguish rock fulgurite relict can help to reconcile the observed
frequency of lightning with the difficulty in preserving the records of ancient

lightning strikes on rocks.

Keywords: Kinmen, lightning, fulgurite, glass, weathering
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A high strain shear zone in the metamorphic core of Central Range,
Taiwan: A possible Plio- Pleistocene transform fault
Gong-Ruei Ho! ~ Timothy B. Byrne? ~ Jian-Cheng Lee!

(1)Institute of Earth Sciences, Academia Sinica, Taiwan ~ (2)Department of Natural Resources and

Environmental Studies, National Dong-Hwa University

The young and presently active Taiwan orogeny provides an excellent tectonic
“scene” for studying orogenic processes. In this study, we propose the structures
preserved in the Tailuko Belt record oblique, left-lateral convergence, which was
mainly driven by the northward movement of the Philippine Sea plate wrt the Eurasian
plate. A penetrative foliation, S2, that includes mylonitic and gneissic fabrics, dips
moderately WNW and is associated with a sub-horizontal stretching lineation, L2,
Hundreds of kinematic indicators from 6 rivers and along-strike transections of
relatively high strain are particularly well-developed and include: asymmetric folds,
strain fringes around pyrite ore magnetite, S-C fabrics, en échelon veins, R and R’
shears, sigmoidal core-and-mantle structures are identified top-to-southwest sense of
shear. In cases where the L2 asymmetry could be determined 80-90% yielded a left-
lateral sense of shear. A synthesis of available data suggests that a previously
unrecognized zone of strike-slip deformation exists in the Tailuko Belt, and here we
document: 1) the distribution of horizontal shear, 2) the kinematics of deformation, 3)
the age of deformation and 4) regional consistency between geologic studies and plate
reconstructions. We also present a 3D model and discuss the impact of horizontal shear
in the shallow structural level of southern Taiwan (e.g., Taimali River and Hengchun
Peninsula areas) where previously published kinematic data argue for CCW block
rotations. Later deformation events are also recorded in the metamorphic core and cover
sequences and are responsible, in part, for tilting of S2 from an initial sub-vertical
orientation (Byrne and Chojnacki, this session). Finally, we integrated these field-based
observations with data from the Slate Belt and propose that during the development of
S2 plate convergence was partitioned into orogen-parallel motion in the Tailuko Belt

and orogen-perpendicular in the Slate Belt.

Keywords: Yuli Belt, left-lateral shearing, deformation fabrics, ductile shear zone



Tectonic exhumation (and erosion) of a metamorphic core in the
Pleistocene, Taiwan
Tim Byrne! ~ Michael Chojnacki?

(1)Department of Natural Resources and Environmental Studies, National Dong-Hwa University -

(2)USEngineering Solutions Corp.

We propose that extension and thinning of the upper crust, i.e., tectonic
exhumation played a significant role in exhuming the metamorphic core in Taiwan. The
youngest penetrative fabric in the metamorphic core, S3, forms a broad, gently NE
plunging antiform. The cleavage is also typically axial planar to numerous recumbent
folds, suggesting significant vertical shorting. Veins of quartz, calcite, albite, and/or
adularia appear mildly deformed by Ss, suggesting development late in the formation
of S3. The veins (n=92) strike NW-SE, dip steeply, and are generally normal to the
mineral stretching lineation, which plunges NE. In X-Z sections, asymmetric structures
are weakly developed and suggest top-to-NE or top-to-SW shear. Fluid inclusions in
euhedral to subhedral crystals of quartz and adularia suggest entrapment temperatures
of 200°C to 350°C. Ar**/Ar* dating of the adularia suggests crystallization at ~2.5 Ma
(see also Chojnacki, MS thesis, 2019). P-T conditions, geometry, and kinematics of S3
are similar to conditions documented for pseudotachylite exposed along the Hoping
River (Korren et al., 2017) which yielded a 1.5 Ma Ar*%/Ar*® age (Chen et al., 2017).
We propose that the pseudotachylite represents the waning stages of Ss-related
exhumation.

The low dip and regional extent of S3 argue for significant vertical shortening
and/or substantial sub-horizontal shear strain. We prefer a top-to-the northeast shear
during S; because this sense of motion provides a mechanism for deforming S> from an
initial vertical orientation (see Ho et al., this session) to its present moderate WNW dip.
Top-to-the northeast motion also implies that the metamorphic core was tectonically
exhumed from beneath the Luzon forearc. We propose that tectonic exhumation
occurred from about 2.5 Ma to at least 1.5 Ma, the time of rapid exhumation cooling in
the core (Hsu et al., 2016). The relative importance of tectonic versus erosional

exhumation is an important topic for future research.

Keywords: exhumation, Tailuko Belt, erosion
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Extensional tectonics for basement uplift of the Fansipan and Tule
mountain ranges in northern Vietnam
Dinh Thi Hue! ~ Yu-Chang Chan' ~ Chih-Tung Chen?
(1)Taiwan International Graduate Program (TIGP) — Earth System Sciences Program, Academia Sinica
and National Central University; Institute of Earth Sciences, Academia Sinica, Taiwan ~

(2)Department of Earth Sciences, National Central University

Located in northern Vietnam, the Fansipan and Tule mountain ranges are high
topography regions adjacent to the strike-slip Red River Fault, an important structure
related to the India-Eurasia collision. How the mountain height is maintained today
under humid subtropical climate is important to improve knowledge about tectonic
deformations of northern Vietnam and may have broader implications on crustal
dynamics of circum-Tibet regions. We therefore utilized observations from the field and
digital elevation model (DEM) data, and topographic analyses to constrain active fault
systems that likely contributed to the uplift of the mountain ranges. Our observations
from DEM and field data indicate possible active normal and strike-slip faults within
and surrounding the Fansipan and Tule mountain ranges such as: the Phong Tho-Nam
Pia fault, the Tule fault, and the Nghia Lo fault. In addition to these observations, the
results from geomorphic indices including both the stream-length gradient index (SL)
and the normalized steepness index (ksn) present high values of indices in the footwalls
of the inferred normal faults and the low values of indices in the hanging walls.
Furthermore, most of identified knickpoints are related to the locations of the mapped
faults. The correlation of these data indicates that recent movements of the Fansipan
and Tule mountain ranges area dominated by strike-slip and normal faulting under
extensional tectonics. We therefore proposed that the extensional tectonics likely play
a role for isotactic rebound that maintains the mountain height for a long time in spite

of continual erosion in the monsoon-affected areas.

Keywords: Fansipan and Tule mountain ranges, stream-length gradient index (SL),

normalized steepness index (Ksn)



Buchan type metamorphism in the Pingtan-Dongshan Metamorphic
Belt, SE China: Evidences from combined EMP monazite and U-Pb
zircon ages of mica schists
Jian-Wei Lin! ~ Chi-Yu Lee! ~ Cheng-Hong Chen! ~ Takenori Kato?
Yuji Sano® ~ Takahata Naoto®
(1)Department of Geosciences, National Taiwan University ~ (2)Institute for Space-Earth
Environmental Research, Nagoya University, Japan ~ (3)Atmosphere and Ocean Research Institute, the

University of Tokyo, Japan

Detailed age information of the Pingtan-Dongshan Metamorphic Belt in the
coastal Cathaysia Block is important in understanding geodynamics of South China
continental margin. Geochronological determinations on monazite and zircon
inclusions and zircon separates from five mica schists, the most representative rock type
in this belt, and two granites intruding schists are studied. Ages of monazite and zircon
inclusions within index constituent minerals (quartz, muscovite, sillimanite and K-
feldspar) in all schists define a significant peak age at ~100 Ma for the high
temperature/low pressure metamorphic event. Along with zircon ages of granites (106
and 101 Ma), a Buchan type metamorphism is proposed regarding heat source from the
post-orogenic magmatism in the neighboring igneous province. For discrete zircons,
age distribution patterns identify two groups of schist that suggest separated
provenances of sediments prior to metamorphism. One group has a simple age cluster
(145-130 Ma) inferring proximal Early Cretaceous magmatic rocks in the
Cathaysia. Contrarily, another group shows a widespread time span containing two
particular age populations of ~1.8 Ga and ~190 Ma that are uncommon in the Cathaysia
but comparable to schists in the Tailuko Metamorphic Belt of eastern Taiwan. This
suggests an extra provenance between these two belts and a now-concealed
microcontinent would play such a role. Accordingly, we advocate a new tectonic
framework of this belt that involved two different provenances of sediments and its
configuration was influenced by a high temperature regime caused by mantle upwelling

as a reflection of slab rollback of the subducted Paleo-Pacific Plate.

Keywords: U-Pb zircon age, EMP monazite age, mica schist, Pingtan-Dongshan
Metamorphic Belt, Cathaysia Block



From diagenetic to anchizone, a transition of the very-low
metamorphism zones in progressively emerging and exhuming
orogen in the southern Taiwan, Hengchun Peninsula.

Jack Giletycz! ~ Andrew Tien-Shun Lin' ~ Li-Wei Kuo!

(1)Department of Earth Sciences, National Central University

Southern Taiwan (Hengchun Peninsula) characterizes topography that has been
recently emerged above the sea level. Because of that, the surface has been exposed to
subaerial process as erosion, landscape reorganization and sediment outflux. As the
result, the Hengchun Peninsula might reveal initial exhumation processes and therefore-
outcropping first stages of a low-grade metamorphism. Illite crystallinity and X-ray
diffraction were used to survey the central and northern Hengchun Peninsula to indicate
a potential pattern of this exhumation. 32 samples from sites across the Hengchun
Peninsula were collected. Kiiber Index (KI) derived from the first peak of the FWHM
(full-width half-maximum) of the illite diffraction revealed a low anchizone of the very-
low metamorphic grade in an asymmetrical pattern shifted to the east. The field
structural measurements also show a similar pattern of the advancing deformation from
mudstones to argillites exposing pencil cleavage, then slaty cleavage and even first
indication of boudinage and crenulation cleavage in the northmost part of the Hengchun
Peninsula. These results coupled with a geological map gives a new insight into local

geology and tectonic setting of the southern Taiwan.

Keywords: very low metamorphic grade, exhumation pattern, southern Taiwan,

Hengchun Peninsula



Structural evolution and activity of Kirkuk recess in Zagros orogen
Ting-Yun Lee! ~ Jyr-Ching Hu! ~ Kuang-Yin Lai? ~ Ping-Jung Hsieh?
(1)Department of Geosciences, National Taiwan University ~ (2)Exploration and Development

Research Institute, CPC Corporation

Zagros orogen is part of the Alpine-Himalayan orogenic system and is formed as
a result of collision between Arabian Plate and Eurasia Plate with a convergent rate of
about 22 mm/yr. Foreland basin of Zagros orogen is one of the most important
petroleum-rich area in the world. Kirkuk recess in the northwestern part of the Zagros
orogen contains 18% of oil and gas storage of the whole foreland basin. Therefore, a
more complete understanding of structural evolution should be helpful to increase the
accuracy of oil and gas exploration. This study can be divided into two parts, first we
use MOVE 2018 software to restore the balanced cross section in order to investigate
the structural evolution of Kirkuk recess. Initial length of the cross section is about 212
km, and gives shortening around 16.3 km after the restoration, 7 km of them being
accommodated within the Inner High Folded Zone. The result shows that the
deformation propagated from northeast to southwest, which reflects the in-sequence
evolution of the low angle basement-rooted thrusts. Because these thrusts don’t
penetrate the sedimentary cover but connected upward to the basal detachment layer,
shortening caused by uplift were propagated to foreland and finally formed detachment
folds in sedimentary cover. As the result, deformation style in the study area is
characterized by multi-detachment folds detached above a basal detachment level. In
the second part of the study, we use Small Baseline Subset (SBAS) technique to deal
with D-InSAR data, in order to analyze temporal surface deformation across main fault-
related folding within three years. The result shows that hanging wall of Mountain Front
Fault have downward movement one year after the 2017 Mw 7.3 earthquake and this
implies that Mountain Front Fault continued to slip after the mainshock, thus caused
extension on the hanging wall. As the result, we consider Mountain Front Fault is still
active nowadays. After realizing structural evolution from the beginning of orogeny
and current structural activity, we can have more comprehensive explanation of

deformation style in Kirkuk recess.

Keywords: balanced cross section, Zagros orogen, Kirkuk recess, InNSAR, small

baseline subset
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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!

(DInstitute 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



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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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 techniques 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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Evaluation of nano-particulate pressed pellet reference materials of
igneous rocks by micro-X-ray fluorescence spectrometry
Kwan-Nang Pang!

(DInstitute 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, I 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 P>Os 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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Stable carbon isotopic analysis of riverine dissolved organic carbon
by photochemical oxidation
Yu-Shih Lin! ~ Jin-Jia Liang' ~ George S. Burr? ~ Shing-Lin Wang?
(1)Department of Oceanography, National Sun Yat-sen University ~ (2)Department of Geoscience,

National Taiwan University

Rivers are a major transport pathway of terrigenous dissolved organic carbon
(DOC). The stable carbon isotopes of DOC (8'*Cpoc) help to identify DOC sources and
quantify their contribution. The analysis requires that DOC is quantitatively converted
to CO», a procedure prone to contamination. So far, such a technique has not been
established in Taiwan. This study aims at developing an ultraviolet DOC oxidation
method for freshwater samples. The experimental setup includes two ultraviolet light
sources (one 500 W mercury lamp versus three 90 W UV-C lamps) and a vacuum
extraction system. Results from the tests of experimental conditions show that the
recoveries of DOC as CO2 were comparable for both light sources, but varied with
irradiation time, reaction temperature, and the headspace pressure of the reaction vessel
and its connection with the vacuum system. Analysis of Gaoping River samples using
the optimized method shows that the mean recovery of DOC was 95+12% with a
813Cpoc uncertainty of 0.3%o (n=3). The procedural blank was 24.5+3.5 pug C (n=6).
The 8'3C values of water-soluble isotope standards treated with the method deviated
from the certified values by 0.5-2.6%o, a result attributed to background carbon in the
Milli-Q water used to dissolve the standards. The method was used to analyze samples
collected from four rivers (Zhoshui, Tsengwen, Laonung, and Gaoping Rivers). The
813Cpoc values (-33.1 to —24.7%o) were within the range of previously reported values
for river DOC, supporting the applicability of this method in analyzing freshwater

samples.

Keywords: riverine dissolved organic carbon, stable carbon isotopes, photochemical

oxidation



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/%6Sr 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/Cl, and Mg/CI 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, 8’Sr/*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 37Sr/®Sr ratio while those interact with sedimentary rock carrying low Ca, high
Na and high ¥Sr/*®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



Zircon age and petrogenesis of the Telupid ophiolite in northwestern

Sabah
Yu-Hsiang Chien! ~ Kuo-Lung Wang? ~ Sun-Lin Chung? ~ Azman A. Ghani®
Xian-Hua Li* ~ Yoshiyuki lizuka® ~ Hao-Yang Lee’

(1)Department of Geosciences, National Taiwan University ~ (2)Institute of Earth Sciences, Academia
Sinica, Taiwan; Department of Geosciences, National Taiwan University ~ (3)Department of Geology,
Malaya of University ~ (4)State Key Laboratory of Lithospheric Evolution, Institute of Geology and
Geophysics, Chinese Academy of Sciences, Beijing, China ~ (5)Institute of Earth Sciences, Academia

Sinica, Taiwan

Sabah ophiolites generally include Banggi Island, Ranau, Telupid, and Darvel Bay
ophiolites which are distributed from northwestern to southeastern Sabah. Previous
studies suggest that Sabah ophiolites bear supra-subduction zone (SSZ) feature and
formed during Late Triassic to Late Cretaceous, but their age and tectonic origin remain
debated. This study presents zircon U-Pb dating and Hf isotope results and bulk-rock
geochemical data of the Telupid ophiolite, to examine their origin for tectonic
implications. The crustal section ofthe Telupid ophiolite is composed of basaltic
andesites (SiO2up to 53 wt.%) and gabbros. The zircon U-Pb dating of gabbros
show ages ranging from 47+2 to 42.5+0.3 Ma with positive eHf(T) values from +22 to
+16 for these zircons. Both basaltic andesites and gabbros display depleted light rare
earth elements (LREE), nearly flat high rare earth elements (HREE), and their multi-
element distribution patterns show depletion in high field strength elements (HFSE). In
addition, their bulk-rock Sr-Nd isotopic compositions exhibit eNd(T)=+9.4 ~
+8.8 and ¥7Sr/%Sr=0.703024 ~0.703585. These data  suggest  thatthe  Telupid
ophiolite was a fragment of Eocene oceanic lithosphere generated in Mid-Ocean Ridge
(MOR) setting. Since Eocene MOR-type ophiolite is discovered in Sabah, it indicates
that not all Sabah ophiolites formed in SSZ setting during Mesozoic as previous thought.
Furthermore, the Telupid ophiolite could associate with Eocene Palawan ophiolte (Hall,
2002) which is most likely to be a remnant of Proto South China Sea.

Keywords: Sabah, Eocene ophiolite, MOR-type
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First report of ichnogenus Phymatoderma from Miocene Taliao
Formation (NE Taiwan): Systematic ichnology, behavioral ecology
and paleoenvironmental linkages
Wei-Lun Chen' ~ Ludvig Lowemark!

(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 pm. 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 pum.

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



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

IESErvoir.

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 GWt 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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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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Multiple-segment rupture and earthquake probability in fault system
Chung-Han Chan!
(1)Earthquake-Disaster and Risk Evaluation and Management (E-DREaM) Center, National Central

University; Department of Earth Sciences, National Central University

Several seismic events are attributed to ruptures on multiple seismogenic
structures during coseismic periods. Their instantaneous ruptures along large structures
patches generate earthquakes with large magnitudes, resulting in fatality and damage.
Thus, this study aims to understand interaction between seismogenic structures through
identifying potential structures that could rupture instantaneously in a coseismic period
and assessing seismic hazard. For such purpose, triggering interactions between
seismogenic structures will be discussed through the Coulomb stress model; earthquake
probability will be quantified using both statistics- and physics-based approaches
through the Gutenberg-Richter relationship and the rate-and-state friction model,
respectively. In order to evaluate their credibility, these models will be applied in the
earthquake cases, including the 1935 Hsinchu-Taichung earthquake. Based on the
multiple-structure system database summarized through this proposal and distribution
of recent earthquakes, dynamic seismic hazard map platform that could be revised in
real time will be proposed, beneficial to both subsequent researches and promotion of

popular science.

Keywords: Earthquake probability, seismic hazard assessment, Coulomb stress

change, Gutenberg-Richter law, rate-and-state friction law, scaling law



Characteristics of earthquake source and ground motions in
northern Vietnam investigated by the 2020 Moc Chau MS5.0
earthquake sequence
Nguyen Cong Nghia' ~ Van Duong Nguyen? ~ Le Minh Nguyen®
Van Bang Phung* ~ Bor-Shouh Huang* ~ Anh Duong Nguyen?®
Quang Khoi Le® ~ Thi Giang Ha® ~ Dinh Quoc Van® ~ Ha Vinh Long’
(1)Taiwan International Graduate Program Earth Sciences System, Academia Sinica, Taiwan -
(2)Institute of Geophysics, Vietnam Academy of Science and Technology, Vietnam; Graduate
University of Science and Technology (GUST), Vietnam Academy of Science and Technology ~
(3)Institute of Geophysics, Vietnam Academy of Science and Technology, Vietnam ~ (4)Institute of
Earth Sciences, Academia Sinica, Taiwan ~ (5)Taiwan International Graduate Program Earth Sciences
System (TIGP-ESS), Academia Sinica, Taiwan; Institute of Geophysics, Vietnam Academy of Science
and Technology, Vietnam

On July 27th, 2020, a magnitude (Mw) 5.0 shallow earthquake occurred near Moc
Chau, northwestern Vietnam. Several shallow aftershocks followed the mainshock and
clustered in a small area. The mainshock caused damage to infrastructures in the source
area. Significant shakings were felt at many new high buildings in surrounding cities.
The ground motions of the mainshock and its aftershocks were well recorded by the
national seismic network of Vietnam to analyze this earthquake sequence. The focal
mechanisms of these events showed their major contribution from strike-slip
movements. After this earthquake, a field survey has been carried by the research team
of the Institute of Geophysics, Vietnam Academy of Science and Technology, Vietnam.
A combination of damages pattern and source mechanism from moment tensor
inversion analysis reveals this earthquake sequence might be associated with the active
right-lateral Da River fault. The new archived seismic observations of this earthquake
sequence have been analyzed to evaluate characteristics of earthquake source and
seismic wave propagation in northwestern Vietnam and to discuss its potential

earthquake engineering applications in northwestern Vietnam.

Keywords: Moc Chau earthquake, focal mechanisms, strike-slip fault, ground motion
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The role of fluid drainage in fault slip zone during earthquake
propagation
Nguyen Thi Trinh! ~ Li-Wei Kuo?
(1)Department of Earth Sciences, National Central University ~ (2)Department of Earth Sciences,
National Central University; Earthquake-Disaster and Risk Evaluation and Management (E-DREaM)

Center, National Central University

Clay gouge 1s a common material in the brittle fault slip zone. Because of its low
frictional strength, clay gouge plays as an important role in controlling the frictional
strength of slip zone during the movement, e.g., earthquake propagation or landslides.
The host rock adjacent to the slip zone can be either conduit or barrier for fluid flow
during fault movement, yet the effect of fluid drainage on fault strength (behavior) is
still poorly understood. To understand the effect of fluid drainage on the frictional
strength of slip zone, we conducted rotary shear rock friction experiments on water-
saturated kaolinite gouge under undrained and drained conditions. In addition, we use
two kinds of filter paper to simulate different efficiency of fluid drainage under drained
conditions. All experiments we conducted at a normal stress of 10 MPa and a slip rate
of 1 m/s with total displacement ~5-7 m. The results show that (1) under undrained
conditions, the friction coefficient (the ratio of shear stress/normal stress) achieves a
peak value of 0.30+0.01 then dramatically decreases to a steady-state value of
0.18+0.02 associated with sample dilatancy. Under drained condition, the friction
coefficient achieves peak values ranging from 0.28+0.01 to 0.30+0.01, dramatically
decreases to steady-state values of 0.21+0.01 to 0.22+0.01, and then gradually re-
strengthens with slip with sample compaction; (2) the slip-weakening distance Dc is
varied from 2.03%£0.52 to 2.22+0.49 under undrained and high-efficient-drainage
conditions, respectively, to 1.14+0.51 under less-efficient-drainage condition. After
shearing, the color of kaolinite was changed from white to grey-dark color, and slicken-
side textures were only observed on the slipping surface under drained condition. These
results suggest that gouge was suffering frictional heat under drained condition, likely

resulting from flash heating occurred on the slip surface.

Keywords: frictional behavior, fluid drainage, rotary shear, kaolinite, flash heating



Natural and experimental evidence of deformation on serpentinite
Wei-Hsin Wu! ~ Li-Wei Kuo!

(1)Department of Earth Sciences, National Central University

Serpentinite is regarded as a controlling factor for the nucleation and propagation
of earthquakes within subduction zones. Recently, we have provided the evidence of
deformation within serpentinite and nephrite from the paleo-subducting-origin Yuli Belt,
Taiwan. However, the associated deformation conditions of which remain unclear. This
study performs low-to-high velocity rotary shear (LHVR) rock friction experiments on
water-saturated serpentinite gouges (sieved for grains size under 0.125mm) to
investigate the frictional behaviour of incohesive serpentinite and the associated
microstructures. All samples are deformed at either sub-seismic (0.001m/s) or seismic
slip rates (1m/s) under both drained and undrained conditions at 10-MPa normal stress
and ~5-m slip. Results show that the apparent friction coefficient p is influenced by
water drainage regardless of slip rates. For undrained condition, m increased up to a
peak value p, ~0.32-0.46 and reached low steady-state value pss ~0.2, exhibiting a
pronounced weakening behaviour explained by pore pressure rise. In contrast, under
drained condition m showed stable sliding (n ~0.2-0.3) or strengthening (p >0.2)
behaviour. Microanalytical methods, including optical microscope, field emission
scanning electron microscope and in-situ synchrotron X-ray diffraction, will be utilized
for the LHVR experimental products in near future. These mineralogical and
microstructural results could provide a plausible mechanism for the obtained frictional
behaviour. In particular, by integrating the recently reported deformation evidence of
serpentinite, our results might help to determine the deformation modes within the
serpentinite shear zones, and that the signatures of either transient frictional heating by
propagation or pressure solution by creep were preserved in the studied serpentinite and
nephrite of the Yuli belt.

Keywords: serpentinite, rotary shear, rock deformation, Yuli Belt



Raman spectroscopy and thermal conductivity of synthetic pyrope-
grossular garnets at high pressure
Han-Yu Chen' ~ Yun-Yuan Chang? ~ Pei-Ying Patty Lin' ~ Wen-Pin Hsieh®
Jennifer Kung*
(1)Department of Earth Sciences, National Taiwan Normal University ~ (2)Institute of Earth Sciences,
Academia Sinica, Taiwan ~ (3)Institute of Earth Sciences, Academia Sinica, Taiwan; Department of
Geosciences, National Taiwan University ~ (4)Department of Earth Sciences, National Cheng Kung

University

Garnet is a major rock-forming mineral in the Earth’s upper mantle and subducted
slab. Knowledge of the thermal properties of silicate garnets is crucial to understand
the thermal structure of the Earth’s interior. The crystal structure of garnet can
accommodate diverse elements. This study aims to investigate the compositional effects
on the Griineisen parameter and lattice thermal conductivity of pyrope (Py,
Mgz A12(S104)3)-grossular (Gr, CazAlx(Si04)3) solid solution. The samples used in this
study were synthetic single-crystal PysoGreo and grossular. High-pressure Raman
spectroscopic measurements of samples were carried out using a diamond-anvil cell.
The mode Griineisen parameter for each observed Raman mode was obtained from the
pressure dependence of vibrational frequencies. From the obtained mode Griineisen
parameters, we estimated the thermal Griineisen parameters of our samples. Besides the
Griineisen parameters, we investigated the influence of Mg/Ca ratio on the lattice
thermal conductivity of pyrope-grossular solid solution wusing time-domain
thermoreflectance (TDTR) technique. Our experimental results will help to constrain

the compositional effects on the heat flux and thermal structure in the Earth’s interior.

Keywords: pyrope, grossular, solid solution, time-domain thermoreflectance, high

pressures, lattice thermal conductivity



Crystallographic orientation-dependence of Raman mode behavior in
ortho-(Mg, Fe) SiOs single-crystals under pressure

Sheng-Chih Chung' ~ Florian T.S. Hua' ~ Jennifer Kung!
(1)Department of Earth Sciences, National Cheng Kung University

The major constructed unit for the pyroxene structure is the linkage of silicon-
oxygen tetrahedrons (SiO4) to form continuous chains. The chain structure reflects on
the Raman pattern to be two strong paired Raman peaks (doublet) at the range of 660
and 1000 cm!, thereafter marked as ‘D1’ and ‘D2’, respectively. Previous Raman
observations of pyroxenes indicated the doublet of 660 cm™ (D1) being sensitive to
symmetry change, no matter induced by applied pressure or composition changed. In
orthopyroxene, composition of (Mg, Fe) SiOs, lately high pressure X ray diffraction
studies showed that this series of pyroxene has a new high-pressure phase, HP P2i/c.
While the mentioned above phase transition occurred, the doublet of 660 cm™ (D1)
would split into triplet from previous studies. Such observation has become a
characteristic feature of symmetry changed from Pbca to HP P2;/c. However, those
observations were carried out either in powder form sample or unorientated single
crystals. In order to investigate the detailed Raman mode feature of orthopyroxene
across the phase transition, we measured the changes of the Raman modes, D1 and D2,
along different major crystallographic axis, a, b ¢ and face (210), up to 20 GPa. The
composition of tested orthopyroxene ranges from Mg#100 to Mg#92, which the phase
transition pressure of Pbca ® HP P2y/c should be higher than 10 GPa. From a series of
Raman measurement, we found the doublet splitting only observed on “c”
axis. Moreover, in this study, both DI and D2 were observed the splitting. Most
strikingly the doublet splitting occurred as low as 4 GPa in which the pressure is far
away from the phase transition defined by X ray diffraction. Our results raise the
question if the doublet splitting in D1 and D2 can used as the sign of phase transition
of orthopyroxene any longer. In this meeting we will report and discuss the observation

in details.

Keywords: high pressure, Raman, pyroxene, phase transition



Rock physics parameters estimations of gas-hydrate and free gas
concentrations in Formosa Ridge, Offshore SW Taiwan
Dipika Anggun Ardiantl' ~ How-Wei Chen!

(1)Department of Earth Sciences, Inst. of Geophysics, National Central University

Rock physics parameters usually can be estimated through well log-based analysis
approaches with various proposed models and empirical equations. We propose a
strategy which treat seismic data as a pseudo-log then combine post- and pre-stack
modeling and inversion efforts for rock physics study. The approach helps to identify
gas hydrate, free gas and its host lithology with fluids existence in Formosa Ridge Off.,
Southwestern Taiwan. We developed four steps workflow. First, we refined velocity
model suggested from conventional NMO stack with semblance analysis. Second, the
synthetic CMP gathers are created by reflectivity and convolutional approach
respectively. If synthetic and real gather are fit in both offset domains, then confirms
the estimated parameters. Third, initial impedance model derived from convolutional
and reflectivity method are used separately in post- and pre-stack procedure. Once we
have the P- S-impedance model and source wavelets extraction from offset-dependent
dataset, then post- and pre-stack inversion were implemented sequentially to extract the
best resolvable models. Pre-stack inversion based on three assumptions (a) linearized
approximation for reflectivity, (b) angle-dependent Fatti’s equation and (c) linear
relationship among P-, S-impedance and density. The inferred basic parameters
including Vp, Vs and density are the key efforts for further rock physics estimations.
The parameters including porosity, bulk-shear modulus, resistivity, and water saturation
for understanding the lithology conditions can be obtained through empirical equations.
The results can assist us to evaluate the interrelationships among the derived parameters
through cross-plots and delineate the potential gas hydrate and free gas concentration
zones. The proposed approach enables us to obtain petro-physical properties with the
hope that additional feasibility evaluation and confirmation from borehole data will be

available in the future.

Keywords: seismic inversion, post-pre-stack, rock physics, gas-hydrate, free gas,

pseudo-logs



Discretized Clay Shell Model (DCSM) of clayey Sandstone:
Evaluating the effective stress coefficient of permeability
Pin-Lun Tai' ~ Jia-Jyun Dong?

(1)Graduate Institute of Applied Geology, National Central University - (2)Graduate Institute of
Applied Geology, National Central University; Earthquake-Disaster and Risk Evaluation and

Management Center, National Central University

The effective stress coefficient determines the effective stress, which dominating
the permeability of rocks. However, the documented value of for rocks shows a high
scatter (0.3-5.5), based on the laboratory measurement. The well know Clay Shell
Model (CSM) successfully explain why the effective stress coefficient of the clayey
sandstone can well above 1 theoretically. However, CSM cannot account for the stress
dependency of effective stress coefficient observed experimentally. In this study, a
modification of CSM was proposed. This proposed Discretized Clay Shell Model
(DCSM) discretizes multi-layers clay domain to account for the stress dependent elastic
modulus of clay and calculates the pore radius of DCSM model under different
confining stress and pore pressure. Iso-pore radius curves under different confining
stress and pore pressure was used to determine the effective stress coefficient. The
parametric study illustrates the superior features of the proposed DCSM to the
traditional CSM. Critical findings include: (1) The predicted effective stress
coefficient form a concaving upward surface in the pore pressure-confining stress space
using DCSM. (2) The influence of pore pressure on effective stress coefficient will be
stronger than the influence of conffining stress especially under low pore pressure. (3)
The predicted effective stress coefficient is not necessary positively or negatively
correlated to confining stress under constant pore pressure. (4) The predicted effective
stress coefficient for soft, high stress dependent deformability of clay coating on the
pores of sandstones could be far higher than 1. Two synthetic cases (laboratory and in-
situ scale) illustrate the importance of stress dependent effective stress coefficient for

determining the effective stress and permeability.

Keywords: permeability, effective stress coefficient, clayey sandstone



Petro-physical properties identification of gas hydrate and free-gas
in Yuan-An Ridge, southwest Taiwan
Dwi Ayu Karlina! ~ How-Wei Chen!

(1)Department of Earth Sciences, National Central University

Hydrate and free gas existence in the unconsolidated marine sediments produce
significantly large effect on the elastic properties changes in Yuan-An Ridge.
Simultaneous Prestack Inversion (SPI) were used to distinguish the physical properties
changes. SPI use conjugate gradient matrix inversion method in junction with
computing angle-dependent reflectivity responses which follows Fatti’s equation.
Hence, quality control on SPI result by comparing synthetic to real data in angle gather
is very important. SPI has two assumptions. First, the constant ratio of S-wave velocity
over P-wave velocity within a rock layer and the background trend should corresponds
to wet clastic. Vp/Vs ratio is later converted to natural logarithm P-Impedance (Zp) and
S-Impedance (Zs). Second, based on Gardner equation, natural logarithm of density has
linear relationship with P-impedance. Hence, the synthetic responses is computed by
reflectivity method defined by the combined effects from P-impedance, S-Impedance,
and density. Consequently, the elastic properties including Vp, Vs, density, Zp, Zs,
Vp/Vs ratio can be obtained. Other associate elastic properties such as P-wave modulus,
shear modulus, Young modulus, Bulk modulus, Poisson’s Ratio, Ap, and pp can be
derived through known models and its corresponding equations. The parameters to
characterize gas hydrate and free gas in unconsolidated marine sediment can be derived
through the approach demonstrated. Parameters which are very sensitive to the gas
hydrate and free gas existence in Yuan-An Ridge are Ap, and pp. They can be separated

from background trend through cross plot.

Keywords: elastic properties, free gas, Fatti’s equation, gas hydrate, and incident

angle



Toward a realistic lattice solid model for earthquake micro-physics
and earthquake cycle simulation
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A realistic numerical simulation model for all physical processes underlying the
earthquake phenomenon on HPC's would provide a powerful tool to study fault
behavior and earthquake nucleation. The microphysical particle-based Lattice Solid
Model (LSM) currently being developed at QUAKES provides a basis on which to
construct such a model. Presently, the model simulates stress transfer, seismic waves,
fracture, friction, heat and gouge dynamics. Simulations show numerous features
compatible with laboratory and field studies including shear localization, low-strength
faults compatible with the Heat-Flow Constraint, slip pulses on faults, Gutenburg-
Richter power law statistics and cycles of seismic activity exhibiting accelerating
energy release prior to large events. Ultimately, when fully developed, it is envisaged
that the LSM will be capable of simulating all physical processes underlying
earthquakes including lubrication and dynamics of fluids, phase transformations, and
chemical effects as well as all observable signals including strain, seismic, electric and
magnetic. Increased computational capacity, a model refinement process involving
feedback with laboratory and field observations, and integration with macroscopic
simulation models would provide the means to study the earthquake cycle, and hence,
to develop earthquake hazard quantification and forecasting methodology that best uses
the incomplete recorded and incoming data. Recent LSM simulation results of patterns
of accelerating energy release prior to large events suggest that earthquake statistics can
evolve in a predictable way. These results demonstrate the potential utility of realistic
numerical simulation models as a means to probe the earthquake cycle, and provide
encouragement that earthquake forecasting is feasible, at least under certain

conditions.
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