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Abstract

The Taiwan orogenic belt is the result from the westward convergence of the
Philippine Sea Plate towards the Eurasian Plate at a rate of ~8 cm/yr. Shortening is mostly
consumed along the Longitudinal Valley in Eastern Taiwan, the plate suture, and across
the Western Foothills, at the mountain piedmont. In the southern Western Foothills, this
convergence caused a series of thrust systems and westward movement reaching up to 6
cm/yr and 2 cm/yr local uplift rate based on geodetic data during 2000 — 2010. The Erhjen
River, which is located in the south part of the Western Foothills, flows across several
geological structures which are the Gutingkeng fault, Lungchuan fault, and Hsiaokunshui
anticline. We found that four groups and four sub-groups of terrace level were developed.
By observing these terraces we aim at better understanding the Holocene deformation
across the Gutingkeng fault zone. We observe that 10 geomorphic surfaces are tilted with
slope values in the range 1° - 4° + 0.02° and mostly tilted to the NW direction near the
Gutingkeng fault zone. Based on radiocarbon dating from a previous study and from our
work, we estimate the age of the oldest terrace (T1a) to more than 2200 Years BP, while
the youngest terrace (T4a) is less than 800 Years BP. Euclidian topographic profile from
upstream to downstream shows that the terrace slope increases from T4 to T1, with a
slope of 1.98° for T4a and 4.28° for T1a. We obtain local incision rate of four geomorphic
surface where the radiocarbon dates are consistent with the geomorphic mapping. The
calculation results show that the local incision rate at three sites are similar, ranging from
25— 27 mm/yr, while local incision rate is slower at the forth site, at 15.3 mm/yr. Leveling
data during 2004 - 2016 shows uplift rates of the same order in this area reaching 25.1 —
34.2 mm/yr, with the west side uplifted relative to the east side, while based on geology
Gutingkeng fault is an east dipping thrust. We propose three working hypotheses that
could explain the Erhjen River local incision rate in our study. These hypotheses include
a change in river slope, the existence of a west-dipping thrust fault, and/or a change in the
fault activity.

Keywords: Erhjen River, Holocene Tectonics, Terrace analysis.
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Chapter 1 : Introduction

1.1 Background of Study

A river valley has features which contain a record of a past geomorphic event. It
can be formed of the drainage basin, drainage system, and landforms associated with a
stream. The study of all these landforms helps to interpret the geomorphic history of the
river valley. Characteristics of landform such as topography imbalances, uplifted
peneplains, incised meander, and alluvial terrace can be used as a past events geomorphic
indicator.

River terraces are the feature of landforms formed by river action. River terraces
are located along the river floodplains (Kumar, 2005). It is a flat platform on one or both
sides of the river and may have many such levels. Multi-level river terraces appear like
step-like forms on one or both sides of the river. Two consecutive terrace levels are
generally separated by a vertical distance termed as terrace risers. The shape, size and
vertical distance of flat surface between two consecutive terrace levels vary spatially. The
terrace usually composed of material deposited by the river. This material includes
alluvium, boulders, fossils, paleosols, and tools of paleo-civilizations. River terraces
usually formed by the former river floodplains, the formation of river terraces is relating
with the processes of erosion and deposition. No erosion and deposition take place when
the ratio of stream power and resisting power is equal to one. But the increase in stream
power favors degradation and increase in resisting power leads to aggradation (Kumar,
2005). When the process of aggradation is followed by degradation, this leads to the
abandoning of depositional surfaces and creation of fill or depositional terraces. Thus fill
terraces record the perturbations of catchment’s sediment. The study of these deposits and
the processes of terrace formation are interpreted to study about climate and tectonics.
Hence the study of river terraces is a multi-disciplinary field of investigation and has
attracted the attention of researcher across subject lines.

The progress of the fluvial terrace study is one of the most prominent geomorphic
features in Taiwan. The study of fluvial terraces is essential in revealing the neotectonic
and the geomorphological evolution in Taiwan. However, such studies are limited by the

limitations of dating methods.



In the Southwestern part of Taiwan where the geological structure and the
development of tectonic deformation are rapid, a knowledge about terrace is necessary to
analyze this. In the GPS velocity map and Leveling map by Ching et al., 2015 shows the
velocity of the horizontal deformation in the eastern part of Southwest Taiwan reaching
up to 6 cm/year locally to the west and 2cm/yr in the western part due to the tectonics of
the Philippines sea plate colliding with the eastern Eurasian plate. This velocity
differences resulting in an N-S trend major fault. Two of these faults are Qishan Fault and
Lungchuan Fault. Based on the leveling data in the Lungchuan fault area the footwall part
uplifted ~2 cm/yr which make this phenomenon is interesting. The Lungchuan fault is N-
S trend east-dipping thrust fault. This fault brought the Miocene age sandstone over the
Pliocene age Mudstone.

Lungchuan fault branched off into 2 faults in the southern part become
Gutingkeng fault and Lungchuan fault itself. The uplifted footwall phenomenon
propagate to the Gutingkeng fault. Lungchuan fault trace line passes through several
major rivers in southwest Taiwan. One of them is Erhjen River. Erhjen River is a
westward flowing river from Western Foothills to the Taiwan Strait. This river produces
a river terrace then developed to be a terrace deposit. This terrace deposit can be studied
in more detail to analyze the river response to the geological structure which developed
in southwest Taiwan especially along the Erhjen River.

In the Southwestern part of Taiwan itself, the existence of fluvial terraces has been
known for a long time. But these terraces have not yet been studied in detail. This research
studies about the river terraces in the Southwestern part of Taiwan along the Erhjen River
aided with complementary radiocarbon 14C dating and several 14C dates from the
previous study. These radiocarbon dates will help to classify multiple terraces which
developed along the Erhjen River. This classification is used to analyze the river response

to climate change and active tectonic uplift.



1.2 Geological Setting of Taiwan
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Figure 1.1 Geodynamic setting and major geological provinces of
Taiwan (Modified from F. Mouthereau et al., 2001)

In the western part of Pacific, the island of Taiwan located at the junction between
the Luzon and Ryukyu arcs. The Chinese passive margins formed as a result of rifting
during the early Cenozoic time and Luzon arc collisions with passive margins, starting at
late Miocene, resulted in the formation of Taiwanese orogeny which actively propagates
to the South (Chou, 2002). Taiwan mountain belt has been presented as an example to
understand the evolution of active structures in the foreland thrust belt (Mouthereau et
al., 2001) because of the collision between the Philippine Sea Plate and the Eurasian block
of South China Sea since late Miocene (Sibuet & Hsu, 2004). According to GPS survey
(Yu et al., 1999), the present-day convergence rate of the Philippine Sea Plate towards
the Eurasian block of South China Sea is about 8 cm/yr. This causes the rise of the
mountainous area reaching up to 3950 m in elevation with N-S trend. The metamorphic

basement of Taiwan is the oldest geological-tectonic element. Formed in the late



Paleozoic to the Mesozoic era when the sequences of sandstone, shale, siltstone,
limestone, and thick volcanic rocks are deposited along with the association of acids to
the intermediate magmatic activity. This old geological-tectonic element encounter
several phases of orogenic deformation, magmatism, and metamorphism, culminating in
the late Mesozoic orogeny known as Nanao Orogeny. These Pre-Cenozoic rocks were
then folded into the mountains and deeply metamorphosed to form Taiwan’s Major
metamorphic complex (CGS website).

Taiwan Island also divided into several major geologic terrains from west to east:
Coastal Plain, Western Foothills, Hsuehshan Range, Central Range, Longitudinal Valley,
and Coastal Range.

Coastal Plain located in the western part of Taiwan Island consists of Holocene
sediments and alluvial deposits from the mountainous area brought by the river bordered
by Western foothills in the east. The Western Foothills composed of Oligocene to
Pleistocene clastic sediments. The Western Foothills consist of a series of mountains and
hills flanking to the west margin of the Central Range. The boundary between the Western
foothills and Coastal plain is hard to define topographically.

Hsuehshan Range is part of Central Range which forms the backbone ridge of the
island. This region consists of Pre-Tertiary continental basement uncomfortably with the
Eocene to Miocene metamorphosed clastic deposit during the Paleogene rifting and
Oligocene-Miocene post-breakup phases associated with the opening of the South China
Sea (Lin et al., 2003). Hsuehshan range mostly composed of low-grade metamorphic
rocks. The grade of the metamorphic rocks is higher towards the east.

At the east of Central Range, there is the Longitudinal Valley bordered by
Longitudinal Valley fault. Longitudinal Valley mostly composed of Sediments which
deposited from the Central Range metamorphic area and Coastal Range. Longitudinal
Valley also recognized as the suture zone between Eurasian plate and Philippine Sea
Plate. Two major structures dominate the Longitudinal Valley which is the Longitudinal
Valley fault and Central Range fault.

The Coastal Range includes two main units of different origin, which are the
volcanic basement (Tuluanshan Formation). And a thick terrigenous sequence
(Takangkou Formation). The Tuluanshan Formation make up the basement for the
Coastal Range. It is mainly composed of volcanic of andesitic origin, mainly
agglomerates associated with dikes and intrusions. Available radiometric dating shows

the main andesitic intrusion and lava flows are Miocene in age (Ho, 1969; Richard, 1983).
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The terrigenous sequences represent several thousand meters of sediments which overlie
the Tuluanshan Formation. The Stratigraphy of the Coastal Range records the evolution
of the Taiwan orogeny and the Plio-Quartenary collision process (Barrier et al., 1985).

The research area of this study is located in the south part of the Western foothills
and Coastal Plain. Mudstone and sandstone are the dominant lithologies which made this
place occupied by several small badlands area.

1.3 Geological Setting of Southwest Taiwan

The southwestern Taiwan fold and thrust belt are formed on the outer shelf and
slope of the Eurasian continental margin. It comprises a roughly N-S striking, west
verging imbricate thrust system that has been developing since the Late Miocene (Biete
et al., 2018). This west verging imbricate thrust system yield a roughly N-S striking
lithology and geological structures.

The geological map from Biete et al., 2018 & Le Béon et al., 2017 (Error!
eference source not found. & Error! Reference source not found.) shows that the
distribution of the lithology is the rocks are younger towards the west. E-E’ and F-F’
geological cross-sections show that in the foreland basin (western part of Xuxian
antiform) characterized by low dipping angle and dominated by west dipping direction.
As we go near the Xuxian antiform, the dipping angle starts to steep and where the
Lungchuan thrust occurred, the dip direction change to the east. The geological cross-
section from the Biete et al., 2018, they uses the uncertainty of Vp 5.2 km/s to represents
the top of the metamorphic basement layer. Another balanced geological cross-section
(Figure 1.3) also shows a similar result regarding the dipping angle it becomes steeper as
we go near the Lungchuan back-thrust. This Lungchuan back-thrust is part of a fault that
activated during the Meinong earthquake (February 5", 2016) together with the Tainan
Detachment, Pitou back-thrust, Napalin back-thrust, and Changchihkeng detachment.
The movement of Lungchuan back-thrust also can be seen in the INSAR co-seismic map
of My 6.4 Jiashan earthquake where the west side of the Lungchuan fault trace show sharp
uplift relative to the east side ( Courtesy of Mong-Han Huang., 2017) .

The Miocene rocks emerge on the earth surface as the shape of ridges. These
ridges mostly composed by high dipping angle due to the thrust fault system caused by
the westward movement of Manila Plate in the East coast of Taiwan. The Miocene rocks

consist of several formations from Late Miocene to Early Miocene such as



Changchihkeng Formation, Tangenshan Formation, Wushan Formation, and
Yenshuikeng Shale.

In the top of Miocene rocks, there are Pliocene Rocks which is dominated by
mudstone from Gutingkeng Formation. This mudstone intercalated with a thin layer of
medium — fine sandstone. High dipping angle to the overturned bedding of Pliocene rocks
also can be found both in the hanging-wall and foot-wall of Lungchuan Fault. Lungchuan
Fault brings the Miocene rocks on the top of Pliocene Rocks, it brings Wushan Sandstone
to the top of Gutingkeng Mudstone. As we can see at fault No. 1 in Figure 1.4. The
Lungchuan Fault is an N-S striking with east dipping (70° - 80°) thrust fault (Central
Geological Survey, 2013). However, Lungchuan fault in Figure 1.2 and Figure 1.3 is
different. Biete et al. (2018) in their map shows that only Lungchuan thrust, but in Le
Béon et al. (2017) the south part of Lungchuan fault is branched off into another fault
which is Gutingkeng fault. If we take a look on the geological section in Le Béon et al.
(2017) they proposed the west-dipping Lungchuan back-thrust based on INSAR data that
shows a sharp uplift at the Lungchuan fault trace and Gutingkeng fault trace, with the
west side going up relative to the east side.

Pliocene Rocks comprises several formations from Early - Pliocene to Late
Pliocene such as Ailiaochiao Formation, Maopu Shale, and Chutouci Formation.
Followed by Pleistocene rocks that still dominated by mudstone from Gutingkeng
formation. On the top of Gutingkeng mudstone, Sandstone from Erchungci formation was
deposited on the Chinese continental margin after the rifting of South -China Sea during
the late uplift of the Peikang basement high (Mouthereau et al., 2001).

The youngest lithology in this area is the Holocene Rocks which consist of
Quartenary deposit from the Western Foothills and Central Range brought by the modern
channel to the lower elevation.

In the middle to late Miocene, this area was situated in an inner shelf to outer shelf
environment and deposited the Changchihkeng formation and the Tangenshan Sandstone.
Followed by the deposition of mud-dominated strata and the overlying Wushan
Formation. In the meanwhile, the central part of the map area was situated in a sub-bathyal
to outer shelf environment (Central Geological Survey, 2013). The main geological
structures were caused by the tectonic force of the Penlai Orogeny and developed during

Pleistocene.
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1.3.1 Geological Deformation History of Southwest Taiwan

Basin-scale analysis with local deformation history and estimated level of
shortening rates are performed in the southwestern foreland thrust belt of the Plio-
Pleistocene Taiwan Orogen (Mouthereau et al., 2001). Over the years, the Taiwan
mountain belt has been presented as the example to understand the evolution of active
foreland thrust belt. A model showing the sketches of the evolution of Taiwan Orogeny
when the initial arc-continent collision occurred since 2 Ma to recent regarding the fold-

thrust evolution belt (Figure 1.5).

Hsuehshan Range Central Range

Western Foothills (slate belt) (metamorphic oot Range
deformation Chuchih Lishan-Laonmlg b l_t) : /
Jroné4 F. /Ii\ V5 N intra-arc basin

lain
N(forela G e
=N X\

oasEl\ N > N\ — W
\ B

gcl)%%r)e 1.5 The Taiwan orogeny in terms of the geodynamic processes (Modified from Huang et al.,
From this model, we can see the foreland basin, where is the research area
conducted receives sediments from the growing orogen of Central Range due to the thrust
fault system created by the Philippine Sea Plate movement towards west. In the Middle
Pleistocene the foreland basin start to progressively fill with the synorogenic deposits, the
basin evolves from dominant marine — submarine sediments to terrestrial sediments
associated with the coarsening upward grain size. This has been proven by the geological
map at the Western Foothills where is the research area conducted as we go to the west,
the rock ages become older and the grain size is increasing from mudstone to sandstone.
The oldest sediments are found in the deep part of Qishan thrust sheet limited by the
boundary of Western Foothills and Hsueshan Range (Figure 1.5).
Three major tectonic deformation stages occur in the southwest part of Western
Foothills related to the evolution of foreland basin and fold-thrust belt. The first stage of
major tectonic deformation is the initial movement of thrust activity of Qishan Fault in

near 5 Ma and Pingchi Fault between 3 — 3.4 Ma. In this era, the tectonic activity still
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weak followed by the deposition of shallow marine sediments which continuously
deepening the basin with low sedimentation rates < ~ 1 Ma. The submarine accretionary
stage occurs when the foreland basin is mostly underfilled with the sediments based on a
local and large scale of tectono-sedimentary data.

The second stage occurs in late Pliocene — Early Pleistocene (2 — 1.6 Ma). This
is the transitional stage towards higher energy depositional sediments. In this stage the
rates of deposition increase, reaching 1.8km/ma followed by the initiation of Lunhou
Thrust in the Early Pliocene and Lungchuan thrust in 1.6 Ma. During the initiation of
Lunhou Thrust, Phingchi thrust is reactivated followed by the Qishan thrust. This stage
also marked by the grain size of this sediments is increasing since the distance between
the source of the sediments and the place of deposition become shorter.

The last major stage is called overfilled basin. This is where the condition of the
basin become overfilled with the sediment. In this stage, the sediments deposition rate
increasing up to 3km/ma. Occurs in middle Pliocene up to recent days which lead to the
construction of the mountainous area in southwest Taiwan. The grain size which
deposited in this stage also increasing become bigger. At this stage, most of the geological
structures are reactivated except the Meilin and Niushan thrust which occurs in 0.8 and
0.5 Ma. Gutingkeng thrust also begins to initiate in the midstream of Erhjen River in near

0.5 Ma. All of the major tectonic stages are simplified in Figure 1.6.

11



6000 - . Under filled O
basin

=0 @

(1)Modified after Changand Chi(1983)
4000 q (2)Modified after Teng (1990)

3¢ Thrust initiation
¢&  Thrust reactivation

Meilin thrust L s s e e s SR e S 0
Niushan thrust *Chishan back thrust
**Gutingkeng thrust
***Chutouchi thrust
Lunhou thrust

E :
% :
- S 3000 1 :
Lungchuan thrust S T — #f
e - N
= subsidence
Pingchi thrust |- e 2000 1 :
’y E \&\‘6\"
SIEELh LT A I ¥ 1. al—— 1000 4 i oA Exhumation
Stage 1 and denudation
0. 1km/ma - of the Central Range
A | |
0
5 4 Pliocene I Pleistocene
5 - 3 2 1 0
B Age (Ma)

Figure 1.6 Correlation between regional and local tectonic evolution in the southwestern foreland thrust belt during the Plio-Pleistocene collision. (A) Timing of local thrust activity.
(B) Curves of regional sedimentation rates. (Modified from F. Mouthereau et al., 2001)

12



1.3.2 Rapid Tectonic Deformation in Southwest Taiwan

After we learn about the geological deformation history of Southwestern
Taiwan, we have to know the rate of tectonic deformation. Geodetic measurements play
a key role in order to measure the rate of tectonic deformation in Southwest Taiwan. 106
campaign-mode GPS observation and 310 leveling vertical measurements from 2000 —
2010 had been conducted in by the Central Geological Survey to measure the tectonic
deformation rate of both vertical and horizontal movement.

The result of this measurements is two maps showing vertical and horizontal
velocity (Figure 1.7). From the horizontal velocity maps, we can see the eastern part of
Southwest Taiwan moves towards the west at a rate of 6 cm/yr and the Northeast part
moves at a rate about 2 cm/yr, with the Penghu Island as the reference. The area which
has a sharp gradient of velocity rate showed by the green color, mark that this place
encounters high strain with ~4 cm/yr shortening rate.

However, not all area have the same horizontal velocity rate which causes the
east part of this area is pushing westward faster than the west part. The consequences
from this phenomenon are the vertical movement at the green area at a rate ~2 cm/yr
showed by the vertical velocity map.

As they put the geological information both in the vertical and horizontal
velocity map, three main structures which are Hsiaokangshan fault, Lungchuan fault, and
Qishan fault suit very well with both of the maps. Since our research area is in Erhjen
River, we only focus on the geological structures that passed by the Erhjen River. We can
see Erhjen River is located in the high strain area, especially the midstream part where
the leveling data shows the highest velocity rate and also passed by the Lungchuan fault
(Figure 1.7). A precise INSAR co-seismic map (Figure 1.8) of My, 6.4 Jiashan earthquake
also shows Line of Sight (LOS) displacements with red color in the midstream means that
this area is moving up and westward reaching up to 2.5 cm. As we overlay the Gutingkeng
fault trace and Lungchuan fault trace from CPC and CGS, the sharp gradient red color in

the INSAR co-seismic map lies between these two fault traces (Figure 1.8).
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The Jiashian earthquake epicenter located 5 km east of the Chaochou fault which
represents the tectonic boundary of the Taiwan orogenic belt between the metamorphosed
slate belt to the east and the foreland fold-and-thrust belt to the west (Hsu et al., 2011).
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1.4 River Terrace study in Southwest Taiwan

After we know the geology and the rate of tectonic movement is southwest
Taiwan we should know how these events give some effects to the modern geologic
activity, in this case, is a river. Several big rivers located in the southwestern area which
are Tsengwen, Tsailiao and Erhjen River has already become an object to study terrace.
Each of the rivers has its own interpretation. This study will focus on one of the river in
Southwest Taiwan which is Erhjen River. We will interpret the terrace based on how
much changed in the river terraces based on the tectonic event (fault and fold). River
terraces were first mapped from aerial photographs through stereoscopes and plotted onto
photograph based, 1:5000-scaled topographic maps issued by the Department of
Agriculture and Forestry of Taiwan. The elevation of each terrace surface was directly
determined from these maps and referenced to the elevation of the active channel as
defined on the maps. Because the maps have a 5m contour interval, any location which is
between two contour lines has an elevation uncertainty of 5m. The stratigraphy of terrace
deposits and the underlying bedrock configuration were then examined in the field.

The study of terrace analysis in Southwest Taiwan is mostly to illustrate the
development of river terraces across growing anticline (Hsieh & Knuepfer, 2002). We
can see the three rivers which has been studied is passed by several geological structures

In the Erhjen River, where this research is conducted also has been studied from
in 2001 by Hsieh & Knuepfer while the tools are limited to analyze the terrace and 5m
DEM along with the leveling data has not been set. Four groups of the terrace are
classified which are a low terrace, Major terrace, Minor and High terrace. These four
groups of terrace then have their own classification. Low terrace interpreted as a modern
floodplain. This terrace composed of vegetated or mudrock banks. Followed by the Major
terrace, located higher than low terraces labeled as KT in the downstream and CP in the
upstream of the Lungchuan Fault. Hsieh & Knuepfer differentiate the terrace label of KT
and CP due to the uncertainty of correlation between the terraces from upstream Erhjen
River to the Downstream of Erhjen River and the last terrace is Minor and high terraces,
most of the minor and high terraces developed in the main stem between Chungte and the
Lungchuan fault (Figure 1.11). Minor and high terraces cannot be correlated as
extensively as a Major terrace. Minor terrace labeled by a small letter while high terrace

labeled by capital H.
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Figure 1.10 Geological and geomorphological framework of the Erhjen River basin. Location of the mud
volcanoes is based on Shih (1967); structures are according to Chinese Petroleum (1971); rock chronology
is based on Lin (1991) (Modified from Hsieh & Knuepfer, 2001)

Erhjen River terraces are well-distributed from other rivers in the north. It spreads
more than in 25 km in length from upstream to downstream. This river passed by several
geological structures, but only in the midstream part affected by them. As we can see in
the geological map from the Hsieh & Knuepfer (Figure 1.10). In the upstream, it near the
Pingchi fault while in the midstream two N-S striking reverse faults which are Gutingkeng
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and Lungchuan passed by this river. In the upstream near the Neimen plain, the river is

meander-less compare to the midstream where there is an abandoned channel.
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Figure 1.11 Distribution of river terraces in the upstream segment of the Erhjen River
(Modified from Hsieh & Knuepfer, 2001).
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Figure 1.12 Distribution of river terraces in the midstream segment of the Erhjen River (Modified from
Hsieh & Knuepfer, 2001).

In the upstream of Erhjen River, the terrace developed very well and dominated

by CP terrace, it spreads for more than 2 km in width. Based on the topographic profiles

from the Hsieh & Knuepfer there are two Holocene structures both on the west side and

east side of the river. This Holocene structures marked by the significant elevation

differences in the topographic profiles. Although Pingchi fault passed by the upstream

part of the river, it does not show some offset in the topography. Thus, it does not affect

the terrace.
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While in the midstream the CP terrace gradually disappears and KT starts to
develop as we go to the downstream due to the uncertainty of the correlation between the
major terraces. At that time the radiocarbon dates still limited at the north part of the
midstream river. Based on the geological map (Figure 1.10 )three geological structures
are developed which are the Lungchuan fault, Gutingkeng fault, and Hsiaokunshui
anticline.

CP terrace starts to fully disappear at the downstream of the Erhjen River. In the
downstream CP and KT terrace stop developing at the edge of the Western foothills and

Chungchou terrace starts to develop in the Coastal Plain (Figure 3.1).

Explanation

Coastal Plain/High terrace
KT, terrace

KT, terracc

Modern floodplain

11ill area

Generalized contour line (m)

./ NN

“C sample site with
sample no. (Table 1)

"“C ages with 1o range
(cal. yrs. B.P.)

: 13169-13360 # ~,
11269-12054 Nagl'\‘sdi::g —
10228-10385 . 8

1 9276-9444

: 8582-8954

: 9048-9369
8492-8589

: 7940-8101

: 8557-8941 N

10 : 8979-9143

11:6572-6728

19:2141-2321 0 500m |

24 :4415-4531 —_—

TN LA W~

All

A A"
Coastal
(m) Pl
i ain 84826569 1)
B432-8589 75404191 : ¢
. - g ississisin PRI
8557-8941 > 3582.8954 @ ‘..!: g
v -
SST2.6728, " g04g.9369 92768444 ! \
B 1316913300,
7 8979-9143 . 20
. 13169-13360 @
- Boundary between marine
and under} fluwial
sedxmems‘m " (m)
T T T T T 10 @ Beach/shoreface sand
1 0 1 2 3 @ Lagoonal/estuarine mud
(km) @ Fluvial deposits
@ Late Pleistocene mudrock

Figure 1.13 Distribution of river terraces in the downstream segment of the Erhjen
River (Modified from Hsieh & Knuepfer., 2001).

A long profile of Erhjen River from upstream to downstream showing an uplift
terrace in the midstream west side of the Lungchuan fault. This uplift terrace interpreted
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due to the results of Holocene tectonic activity which called as “doming structure”. This
doming structure is suggested by the convergence of KT1 terrace to the KT2 and the
modern channel, by steeper long profiles of terraces KT1 and KT2, by apparent of the
Lungchuan fault, and by the upstream convergence of CP1 and CP2. The orientation of
this doming structure is roughly NNS-SSW direction and plunges to the south
downstream from the Kuting. It is hard to determine the orientation since the limitation

of the terraces correlation.
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Figure 1.14 (A) Longitudinal profile along the Erhjen River from upstream to downstream to show the
distribution of each terrace (B) Proposed correlation of the river terrace sequences in the main-stem
Erhjen River. (Modified from Hsieh & Knuepfer, 2001)

28 radiocarbon dates which have been conducted by Hsieh & Knuepfer (2001)
are very useful for correlating the terraces and as a parameter to calculate the local

incision rate on Erhjen River. The oldest age, 13169 — 13360 years BP located in the north
21



tip of Takangshan Hill (downstream, Figure 1.15) while the youngest age, 597+47 Years
BP located in the upstream. Based on a radiocarbon date results at Yuehshihchieh
(Figure 1.12) the local incision rate of Erhjen River is 7-8 mm/year during 5 - 2.5 ka.
After 2.5 ka two major terraces which are CP and KT with hundreds of meter width
converge downstream to the Chungchou marine terrace surface. At this time, the incision
rate increases to 5 cm/yr. Hsieh & Knuepfer stated the channel incision processes are
strongly controlled by such climatic-driven discharge and bedload condition (Hsieh,
2001).

The three rivers in Southwest Taiwan that have been studied, three of them have
the similarity characteristics. Three of the rivers provides evidence of the development of
river terraces across growing anticline. We can see from the terrace correlation in the
terrace profile from upstream to downstream of each river. The previous study determines
that there are three major Holocene anticlinal structures located in the Yuching and
Tsochen area. All of these structures can be recognize by the converging and diverging
terrace sequence with chronologic control provided by more than 20 radiocarbon dates.

In this study, we will focus more on the Erhjen River. The terrace deposit in this
river is well-developed and spread very wide, reaching up to more than 2 km wide in the
upstream. This study will also propose a Gutingkeng fault trace that has not been

explained in detail in the previous study.

1.5 Geomorphic Setting of the Erhjen River

The Erhjen River is a westward flowing meandering river located in
southwestern Taiwan that flows from the Neimen District to the Taiwan Strait. The
Erhjen River has different names for each location from upstream to downstream. In the
upstream near Gangshantou, people call it the Shuishui River. In the midstream, the name
changes to Gangshan River and in the downstream the name changes again to
Erzangxingxi. The mountainous region of the Erhjen River consists of two sets of
sedimentary rocks: pre-collisional, late Miocene sandstone and shale formed on the stable
continental margin and a syn-collisional Plio-Pleistocene foreland sequence; the latter is
dominated by mudstone at least 4 km in thickness (Hsieh & Knuepfer., 2001).

The length of Erhjen River from upstream to the river mouth is about 61 km with
the 340 km2 basin area size and carries 3600 m®/s fine-grained sediments from the

Miocene rocks in the Western Foothills to be deposited in the Taiwan Strait (Water
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Resources Agency — Ministry of Economic Affairs, 2016). The valley width in the
upstream reaching up to 2.5 km measured from the major river terraces which are double
from the midstream.

The morphology of the Erhjen River Basin is strongly controlled by the
underlying bedrock lithology. We can know from the drainage pattern that showing a
dendritic pattern in the upstream and sub-dendritic pattern in the midstream. In the
upstream, where the dendritic pattern occurred it represents the variety-less underlying
rock resistance and it has a gentle slope while the geological control is not developed very
well. The sub-dendritic pattern in the midstream represents that this area is controlled by
the increasing slope value, topography and geological structures (Howard, 1967).

The Erhjen River precipitation comes mainly from rainfall in the summer season
especially associated with tropical typhoons (Wu, 1992 in Hsieh & Knuepfer., 2001).
This river’s mean annual rainfall of 2000 — 2500 mm, and it decreases as we go to the
coastal plain to 1750 mm in the Tainan area (Figure 1.16)
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Figure 1.15 Topography in the Erhjen River area based on 5m DEM
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Figure 1.16 Annual Precipitation record of Tainan Station during 1990 — 1996
(CWB climatic data in Hsieh & Knuepfer., 2001)

1.6 Research Objectives

Our research will focus on the Erhjen River terrace because the distribution of
the terrace is well-developed from upstream to downstream and there are more than 20
radiocarbon dating data which we can rely on as our database from Hsieh & Knuepfer et
al., 2001. In our study, we will also add complementary radiocarbon dates in the
midstream area of the river where there is a lack of radiocarbon dates. We also learn that
from the curvilinear profile of Erhjen River shows there is a terrace that encounters some
uplift in the midstream of Erhjen River. This uplift terraces somehow is interpreted with
the dashed line connecting with the terraces in the upstream. We will try to update the
curvilinear profiles with new terrace classification based on the precise 5m DEM and
complementary radiocarbon dating. The uplifted area showed by Sharp gradient
difference color in the co-seismic deformation of Jiashan Earthquake showing an uplift
area on the west side of Gutingkeng and Lungchuan fault during Jiashan Earthquake.
From the brief introduction in section 1.1, we know that Lungchuan fault is an east-
dipping reverse fault with the branch in the south part. Which means the east side of
Gutingkeng and Lungchuan should be going up relative to the west side. This

phenomenon raises the problem that we want to observe.
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With this study, we will use Erhjen River terrace which is passed by the
Gutingkeng and Lungchuan fault to detect this phenomenon. The aims of this study are
to get a better understanding of the Holocene deformation in the Gutingkeng fault zone
which has not been explained in detail from the previous study using updated terrace
deposit along the Erhjen River added with quantifying local uplift rate and incision rate
on the terrace. We calculate the incision rate on the terrace using leveling data from the
previous study and 1“C radiocarbon dating. Several borehole data also provided by Central
Geological Survey in the lower Erhjen River to help us correlate the terrace in the
midstream of Erhjen River with the Terrace in the Chungchou plain. Since we are using
terrace analysis, the deformation of the fault is limited by the Holocene period.

We know the previous study already did the terrace deposit analysis, but in this
research, the main focus is updating the information since the last research is done 19
years ago. We use modern tools which have not been set in that time. Precise 5m DEM,
complementary radiocarbon dates, and leveling data become our tools to update the

information in this area.
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Chapter 2 : Methodology

2.1 Field Survey

Geomorphology fieldwork in the early period of this research consists of
physiographic mapping and description of the landscape under the rubric of physical
geography. We did the field surveys where there is lack of data in a certain area. We
survey the terrace deposit that we are unable to see clearly in the DEM in several areas of
the Erhjen River from upstream to downstream. This field survey also will help us to
determine the uncertainty of the 5m DEM as our base map to classify the terrace. Before
we conduct the field survey we need to decide what kind of data that we have to acquire.
Data acquisition is substantial before we choose the tools for the field work. As for some
data that we took on the field are: geomorphological features (scarp, terrace risers, river
meandering), geological features (bedding attitude, lithology, stratigraphic column, fault
attitude, and fold), and radiocarbon dating sample.

Field survey is conducted in order to check the small terrace that is hard to recognize.
In the midstream area of Erhjen River where the meandering starts to developed, small
terrace formed in several places. These small terraces will be the key to correlating the
terrace from upstream to downstream. We use 5m DEM map to classify the terrace based

on the elevation in the field survey.

Figure 2.1 Classifying terraces in the field. See map Appendix A-1 for the location
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2.2 Erhjen River Terrace Mapping

The availability of high-resolution digital elevation models (DEM) survey has
spurred the development of several methods to identify and map fluvial terraces (Hopkins
etal., 2016). We mapped Erhjen River terraces based on 5m DEM using ArcGIS software
to process the data. The early stage of terrace mapping is we have to decide the flat area
along the Erhjen River from upstream to downstream by making a topographic section
perpendicular to the river flow direction. Since the river terrace was a deposit from the
river, the terrace will have several levels of elevation due to the change of river water
level (figure 2.2). Terrace with the highest elevation level in reference with the river will
be the oldest terrace, thereby we call this terrace as Tla. The name of the terraces

changing as the terrace level decreasing to the T2a, T3a, and T4a.

incise bedrock bevel strath 1 incise bedrock
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Figure 2.2 Formation of terrace levels due to the river incision and lateral erosion (Burbank, 2012)

We start the Erhjen river terrace mapping by a look at the 5m DEM map (Figure
1.15) from this map, we can generate a slope map based on Z information in the DEM
map (Figure 2.4). This slope map will help us determine the flat surfaces along the Erhjen
River that expected to be river terrace. We start to classify the terrace level based on its
elevation by making topography profiles perpendicular and parallel to the river flow
direction.

Topography profiles from upstream to downstream of Erhjen River will show if there
is an anomaly. In the normal condition, the river terrace elevation will decrease as we go
to the downstream and the slope of the terrace towards downstream relatively more gentle

than the river slope.
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Figure 2.3 Slope map of the Erhjen River area based on 5m DEM
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2.3 Tilted Terrace mapping

River terrace analysis could be able to detect an anomaly like discontinuities. Since
Erhjen River passed by several geological structures, it is important to take a look at the
terrace that has an anomaly due to the discontinuities such as fault and fold. In Chapter 1
we already take a look at the geological map of the Erhjen River. There are three
geological structures that developed the midstream part of Erhjen River, especially the
Gutingkeng Fault. In this research, we propose to redraw the Gutingkeng Fault based on
the river terrace deposit tilt on the 1m DEM map of Erhjen River from Central Geological
Survey.

The fault could be difficult to detect from the surface, in this case from the river
terrace. First, we made several topographic profiles in the certain area that we expect that
there is a fault by looking at the DEM, slope map, and geological map. From the
topographic profiles, we can see the surface of the terrace. If the surface of the terrace is
tilted in several degrees of the slope we can mark it and give some explanation of the
tilted direction. Another indicator for us to able to draw the fault trace is if there is any
scarp or topography offset. By drawing topographic profiles we also can see if there are
any scarp or topography offset.

We marked the tilted terrace and measure its slope by using simple trigonometric
function (Figure 2.4). We compare the tilted slope angle with the slope of the modern river.
There are two comparisons: First, we compare the tilted angle of terrace slope with the
euclidian river slope and the second we compare the tilted angle of terrace slope with the

long river slope. The difference between these comparisons is in the distance of the river.
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Figure 2.4 Slope calculation for the tilted terrace
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The first comparison is we compare the slope of the tilted terrace with the
shortest distance of the river without noticing the meander. And the second comparison
is we calculate the distance of the river along the meander. The explanation is simplified
in (Figure 2.5). The purpose of this comparisons is we want to observe the location of
the tilted terrace. The terrace will intend to tilt towards the river but, in the normal
condition a single river terrace deposit will be flat or has a slope with no larger than the
local river slope. Careful observation has been done in the midstream area of the Erhjen
River in order to map the fault trace. We marked all the tilted terrace, measure it slopes

and compare with the modern channel.

Flow Direction

I Terrace 1
[ ]| Terrace 2

" River
----- Euclidian Distance

----- Curvilinear Distance
Figure 2.5 Sketch explaining curvilinear versus euclidian distance

After we marked the tilted terrace we start to draw the fault trace. We draw the
fault trace on the 1m DEM (Figure 2.6) map which has better resolution in the elevation
value. We observe an area that has a significant sharp gradient color along the terrace and
we draw the topographic section based on the 5 m DEM. We only can get the .JPG format
of 1m DEM from the Central Geological Survey, so our 1m DEM observation is limited
when we want to draw the topographic profiles.

The tilted terrace is just narrowing the area of Gutingkeng fault zone, in other
words, it is increasing the probability of the fault trace going in the predicted way as we
thought.
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191000

Figure 2.6 Screen capture of the 1-m DEM based on LiDAR data in the midstream
segment of the Erhjen River

2.4 Radiocarbon Dating (**C)

The science of tectonic geomorphology is very dependent on the time controls of
the landscapes. To determine the rate of fault moves or the surface changes shape, we
must specify the age of the offset feature. Two dating methods which are relative dating
methods and absolute dating methods are already well-known. Since this research goal
needs much more accuracy in the time controls, we use absolute dating methods. There
are several absolute methods to establish the timing in the landscapes (Table 2.1).

Classifying the terrace is inaccurate when only based on the elevation. The age of
the terrace will be the key data that we can use to classifying the terrace and correlate
each of them. We add 8 radiocarbon dates in this research located mostly in the midstream
part of Erhjen River where there is a lack of age data.

The purpose of using radiocarbon dates in this research is because the age of
terrace deposit mostly will be Holocene (~10000 years BP) which is included in the range
of the Radiocarbon dates which are 0 — 35 ka (Burbank, 2012). And the material that we
used will be charcoal. Charcoal produced from the incomplete combustion of organic
matter (Bird, 2013). This organic matter can be plants, animals, and any remnants from
living things that carried by the river and deposited in the terrace along the river. The
charcoal that is freshly deposited will be covered by the sediments in the lower elevation.

That is why the terrace age is going younger as the elevation decrease.
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Table 2.1 Absolute dating methods (Burbank, 2012). Red frame indicates the method that is used in this

study
Method Useful range Materials needed References
Radioisotopic (}C)  35ka Wood, shell Libby (1955),
Stuiver(1970)
U-Th 10-350 ka Carbonate Ku (1976)
Thermoluminescence 30 — 300 ka Quartz or feldspar  Berger (1988)
Optically Stimulated 30— 300 ka Quartz silt Aitken (1998)
Luminescence
Cosmogenic In Situ 0-4 Ma Quartz Lal (1988),
10Be, 26A Nishiizumi et al.
(1986)
He, Ne Unlimited Olivine, Quartz Cerling and Craig
(1994)
36Cl 0-4 Ma Phillips et al.
(1986)
Chemical 0 — Several Ma Volcanic Ash Westgate and
Tephrochronology Gorton (1981)
Amino acid 0-300 ka,
racemization temperature
dependent
Paleomagnetic >700 ka Fine  sediments, Cox et al. (1964)

identification
reversals

Secular Variation
Biological
Dendrochronology

Sclerochronology

0 — Several Ma
0-10ka

0-—1000 yr
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volcanic flows

Fine sediments
Wood

Coral

Creer (1962, 1967)
Fritss (1976)
Buddemeier and
Taylor (2000)




Chapter 3 : Results and Discussions

3.1 Erhjen River Terrace Classification Map

Numerous topographic profiles already created in order to classify the terrace in
Erhjen River. The direction of the topographic profiles either perpendicular to the river
flow or parallel with the river flow. On our mapping, we develop 4 major levels of terraces
in the Erhjen River and 5 levels of sub-terraces based on the elevation difference between
each terrace. The highest terrace in the upstream part which is the oldest terrace ranging
from 80 — 85 meters above sea level labeled as T1a and the lowest labeled as T4a ranging
from 65-70 meters above sea level. We can see in the upstream of the Erhjen River, the
development of the terraces are wide, especially for the T3a, it spreads very wide,
reaching more than 1.5 km in total width and continuous in both side of the river.
Classifying the terrace in the upstream is relatively easy because the terrace risers
recognizable from the DEM and there is no tilted terrace.

We make a 3D morphotectonic map of the upstream part in the Erhjen River with
3 topographic profiles to show how the terrace classification (Figure 3.2). Although the
upstream part also passed by several geological structures, the terrace itself still flat and
did not experience any disturbances. These geological structures did not cut through the
terrace deposit.

As we go to the midstream of Erhjen River, the river starts to meander. It becomes
the indicator if there is something in the middle part of the Erhjen River. The terrace
deposit also becomes minor and several sub-levels of the terrace are formed such as T1b,
T2b, T3b, etc. In chapter 1 we can see from the geological map that the midstream of
Erhjen River passes through by 3 geological structure, which are Gutingkeng Fault,
Lungchuan Fault, and Hsiakunshui Anticline. At this location, the terrace becomes harder
to classify since there are more levels of elevation and many small terraces (Figure 3.3).
These many levels are due to the geological structures that pass through the surface of the
midstream part of Erhjen River.

Several tilted terrace also found in the midstream part and it supports our
hypothesis that there is something control this terrace. We found 10 tilted terraces,
measure its slope and compare the slope with the slope from the modern river (Figure
3.6).
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different levels of terrace deposit
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3.2 Radiocarbon Dating Results

In order to classify the fluvial terrace that becomes harder as we go to the
midstream, we need another method. We use radiocarbon dating to dates the charcoal in
the terrace deposit to get the age of the terrace. 28 radiocarbon dates from the previous
study aided 7 more from this study have been conducted. Several locations have been
selected for dates (Figure 3.4). Based on our dating results and a previous study, we can
classify the terraces regarding their ages.

We also made a stratigraphic column in each sampling site. This stratigraphic
column will help us to differentiate between the terrace deposit and soil. The stratigraphic
column also becomes an indicator if the site is good enough to do the sampling. For
example, you will not do the sampling in the soil. Because soil is a modern deposit which
can not representative enough to show the ages of the terraces. But still, in the soil, we
can found some paleo-civilization tools like bricks and ceramics from the predecessor.
Sometimes the results of the radiocarbon dates are not as good as we wish. There is some
limitation that we encounter. The result of the dating can be old and also can be young.
This is due to the uncertainty of the sample we took, we are unable to detect if the sample
was reworked or not. The results show that the T2a ages are ranging between 1010 to
1380 YBP, T3a between 800 to 870 YBP, and T4a younger than 800 YBP. However,
from among all of the 34 radiocarbon dates, we only can rely on several samples. From
the results, we also can see in sample 9, C2, C9, and C68 showing an interesting result.

The topographic profile has been drawn and showing that within 450 meters in
distance between sample C2/C9 site and sample no.9 site, the age difference is very
significant. In sample 9, C2, C9, and C68 we can see they are in a slightly different
elevation level. We took the C2 and C9 sample in the same outcrop which is T2b while
sample C68 was located in T3a and sample no. 9 in the T2a based on the previous study.
The different ages between C2/C9 and sample no.9 are more than 1000 years BP, while
the elevation differences between the terraces are only 2 meters. There is also 2 meters
different elevation between C2/C9 location with C68 location and the age differences
only £200 years which we can rely on this dating results. We measure three type of
elevation that we will use this elevation to calculate the local incision rate. One is sample
elevation, Two is terrace strath elevation, and the last is terrace elevation. Three of them

are measured from the local riverbed
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Table 3.1 Radiocarbon dates along the Erhjen River. The number of the sample correlates with the map in Appendix A. Samples with a
number starting with capital “C” (grey column) are the samples from this study (conventional ages) while the others are from a previous

study (Meng-Long Hsieh conventional ages — Unpublished data)

Coordinate (TWD 97) Age (Years BP) | No. Material Terrace (This T (e e S Sample H (fromriver | StrathH [Terrace H
X Y Study) bed) - (meter) (meter) | (meter)

195140.119 | 2540199.814 870+40 1 | Plant Fragment T3a CP1 10 <8 15
194995.711 | 2540202.494 6750490 2 Wood - - 13
194824.095 | 2539231.71 4576140 3 | Plant Fragment T2a - 5 4 14
194882.052 | 2539422.827 597+47 4 | Plant Fragment T3a - 10.5 -
193193.395 | 2536855.995 8580+63 5 | Plant Fragment - High Terrace 28 -
193330.009 | 2534162.111 12426459 6 | Plant Fragment T3a - 13 10 20
190435.836 | 2532262.418 9817451 7 | Plant Fragment - - 43 42 47
187311.222 | 2531540.497 5060+140 8 Charcoal - - 61 60 66
188118.702 | 2532244.352 2020+40 9 Wood T2a KT1-KT2 35 34 42
187469.105 | 2531605.671 1710+40 10 Wood T3a Minor Terrace - Modern floodplain 36 35 42
186971.675| 2530492.67 2240+40 11 Wood Tlb KT1 27 26 -
186952.941 | 2530511.512 2410+40 12 Wood T2a KT1 27 26 -
187898.015 | 2531735.557 1340450 13 Wood T4a KT2 19 19 25
187501.096 | 2531139.825 1000+45 14 Wood T4a Minor Terrace - Modern floodplain 12 12 19
187500.083 | 2531032.783 387+20 15 Charcoal - - 15 19
184931.395 | 2529501.285 2270450 16 Wood T3a KT1 15 15 27
184875.794 | 2529365.255 2160+50 17 Wood Tlb KT1 17 17 27
184854.149 | 2529369.655 1680+40 18 Wood Tlb KT1 23 17 27
184233.954 | 2530636.598 8390+60 19 Wood T4a High Terrace 23 - 35
184180.116 | 2530644.522 11350+70 20 | Plant Fragment T4a High Terrace 26 - 34
184076.449 | 2530664.045 8260+60 21 Wood - High Terrace 22 - 30
184148.687 | 2531216.191 4020+50 22 Wood - - 16 12 27
184504.606 | 2531198.649 2220450 23 Wood - - 12 10 27
184252.803 | 2531235.117 7820+60 24 Wood - - 30 - 36
184425.763 | 2532209.17 9370+50 25 Wood - - 24 21 41
184082.98 | 2532553.951 34080+430 26 Wood - - 15 9
185151.32 | 2533588.422 10150+70 27 Wood - - 19 19 36
189398.643 | 2533826.232 200+ 30 C31 Charcoal T2a CP2 - Minor Terrace 38 - 45
189087.493 | 2533007.08 |103.03+0.38 pMC |C48 Charcoal T3a CP2 20 - 27
188617.592 | 2532537.179 130 + 30 C35 Charcoal Tla High Terrace 46 - 49
188160.391 | 2532511.779 260 + 30 C41 Charcoal T3a KT2 20 - 22
187709.54 | 2532460.979 1010+30 C2 Charcoal T2b KT2 33 28 39
187709.54 | 2532460.979 1010+30 C9 Charcoal T2b KT3 30 28 39
187868.29 | 2532124.428 800130 C68 Charcoal T3a KT2 26 - 30
189398.643 | 2533826.232 1380 + 30 C62 Charcoal T2a CP2 - Minor Terrace 38 - 40
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Figure 3.5 Stratigraphic column for each radiocarbon dating sites. (Lithology
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We also have to keep in mind that C2, C9, and C68 are located in the footwall of
Gutingkeng fault while sample no.9 is located in the hanging wall based on CGS
geological map. From this phenomenon, if we believe the dates are correct, we think that
the T2b and T3a were uplifted. We know that Gutingkeng fault is an east-dipping reverse
fault, but from the INSAR, we see that the west side was uplifted relative to the east side

which is suits well with our hypothesis based on the terrace analysis with the radiocarbon

dates.

For sample C2 and C9 were located close to each other and different in elevation.
The C2 was covered by fine sand deposit while C9 is muddier. We took C2 samples 4.2
meters from the T2b surface as we can see in the outcrop photo (Figure 3.6). C9 sample

was located deeper, more than 5m from the T2b surface it is close to the strath terrace.
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This sample covered with laminated sand and mud deposit which makes this is perfect
for being sampled. A laminated structure in the terrace deposit indicate that the layer is
well-preserved without any disturbances, thus it will become a good condition for
charcoal to be deposited. And the age of the charcoal will represent the age of the place
where it is deposited.

Meanwhile, the sample number C62 located in the tilted terrace T2a. In this area,
we found some tools such as bricks, ceramics, etc. These bricks and ceramics were found
30 cm from the surface of T2a. Since T2a in this area was tilted we took a sample deeper
than the layer that contains paleo-civilization tools. We took the C62 sample 1.8 meters
below the T2a terrace (Figure 3.6).

The results from these radiocarbon dates can be used to calculate the incision rate
of the Erhjen River. In the A-A’ profile, the incision rate from 2 ka to recent is 15.3 £
0.21 mm /yr ; from 1 ka to recent is 25.8 + mm/yr; from 0.8 ka to recent is 27.5 £ 0.2
mm/yr. While D-D’ profile showing almost similar results from 1 ka to recent the river
incise 26 £ 0.18 mm/yr. As we calculate the local incision rate we found that three places
have similar local incision rate which are the C2 & C9, C68, and C62, while the no.9

sample has different local incision rate which is slower.
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Another data showed by the radiocarbon dating the sample no. C62 (T2a terrace)
the age of this terrace is 1380 = 30 years BP and the elevation difference of the terrace
relative to the modern river is 38 meters. From this data, we can calculate how much the
river incise. The local incision rate in this area is about 27 mm/yr which makes this
incision rate value is close with another incision rate value in the C2, C9, and C68 area.
Thus, we can conclude that in the midstream part of Erhjen River from 1 ka to recent is

incising for about 20 — 30 mm/yr.

3.3 Tilted Terrace at the midstream of Erhjen River

Careful observation has been done by checking all of the terraces in the midstream
area that passed by Lungchuan and Gutingkeng fault. We marked 10 tilted terrace (Figure
3.8) at the midstream part of Erhjen River and measure its slope, the slope of the tilted
terrace will be compared with the local river slope. These tilted terraces will also become
our foundation to draw the fault trace in the surface. We also create Euclidian topographic
profiles of the Erhjen River terrace deposit from upstream to downstream to observe the
distribution of the terrace, classify the age of each terrace groups and check if the
Lungchuan fault or Gutingkeng fault affect the terrace and the Erhjen River itself.

We measure the slope of the terrace by using the simple trigonometric function.
The parameters we need to calculate the slope is elevation and distance. We can get all of
the parameter value we need by looking at the 5m DEM map.

Based on our measurements of the tilted terraces, the slope azimuth of the tilted
terraces are dominantly in NW direction with a value ranging from 1° - 4° with + 0.02
uncertainty and mostly happened in T2a terrace. We draw the fault by connecting all of
these terraces and still maintain the topographic value based on the 1m DEM map from
Central Geological Survey. However, not all of the tilted terrace can be considered as an
indicator if the fault is lying above the terrace surface. The data we can consider is the
tilted terrace No.5 where we have the reliable radiocarbon dates and topography offset
(Figure 3.9). In this terrace, we interpret this fault is a west dipping thrust fault. This
makes sense since the west side of the fault in this terrace is tilted and uplifted. When we
try to extend the fault trace to the south, it suits very well with terrace No. 6 or we called
as a “B” terrace due to its B shape (Figure 3.8). The “B” terrace is the only terrace that
tilted to the southwest which makes the northern part of this terrace has high elevation.

Thus, we interpret that the Gutingkeng fault also passed this terrace.

45



Table 3.2 Slope measurements for the tilted terrace in the midstream segment of the Erhjen River. (Refers
to Figure 3.9)

No Terrace Tilted  Uncertainty Slope Euclidian  Curvilinear

Slope (° Azimuth River River Slope
) (°) Slope (°) (°)
1 T2a 1.26 +0.018 318 0.34 0.18
2 T2a 1.72 +0.019 295 1.03 0.88
3 T3b 2.86 +0.019 310 1.14 0.76
4 T3a 4.57 +0.018 329 0.57 0.48
5 T2a 2.86 +0.019 246 1.14 0.94
6 T2a 4.28 +0.017 141 0.42 0.31
7 T2a 2.29 +0.018 335 0.34 0.34
8 T3a 2.86 +0.018 305 0.46 0.46
9 T2a 2.29 +0.019 290 0.28 0.28
10 T3b 2.38 +0.019 311 0.28 0.28

The tilted “B” terrace is proving that the Gutingkeng fault already affects the
terrace since Erhjen River flows in this area. As we do the field survey in the south cliff
of the “B” terrace, we found a dark color mudstone striking NE with 49° dipping to the
east (Figure 3.8). We interpret this dark color mudstone layer as a shear zone of
Gutingkeng fault. A darkening color of mudstone layer is an indicator of a transformation
of smectite mineral into illite due to the pressure and temperature change during the fault
event (Casciello et al., 2011).

From the field survey photo of the “B” terrace (Figure 3.8) we can recognize that
in this area there are several levels of elevation that makes this terrace hard to classify.
These several levels of elevation are artificially made for agriculture benefits so that we
can not distinguish the between the terrace risers that occurred naturally or artificially.
Several radiocarbon dates have been conducted in this area (Appendix A and B) but the
results are not as we expected, so the classification of the terrace just based on the

elevation level.
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In frame A (Figure 3.9), we can see that the T2a terrace has a scarp with 2 — 5
meters different elevation. As we go to the south of the terrace, the different elevation
starts to decreasing and then almost flat towards the edge of the south part of the terrace.
We draw the Gutingkeng fault trace following this scarp up to the NE direction. This
terrace has tilted 2.86° to the Southwest while the local euclidian slope of the river is
1.14° This means that the terrace encounters some uplift due to the geological structure
movement of Gutingkeng reverse fault while the river keeps incising the bedrock. In
frame B, it looks flat on the topographic profiles but when we measure the slope we got
2.29° and 2.86° of slope angle and compared to the river that only has 0.2° - 0.4°.

Another terrace profile has been created by projecting the terrace to the A-A’
Euclidian axis of the downstream to upstream in order to understand the distribution of
all the terrace deposit and classify the age of the terrace in the Erhjen River (Figure 3.11).
From this profile, we can see that the sub-group level of terraces is start developed in the
midstream where the geological structures appear (Gutingkeng fault and Lungchuan
fault). This profile helps us to determine the continuation of the terrace and calculate the
total slope. We also know that there is a lack of radiocarbon dating data in the area
between the Gutingkeng fault and Lungchuan fault, that is why we decide to take several
samples in that area.

We measure the total euclidian slope of each terrace from the mountain front.
Mountain front is the boundary between Coastal Plain and Western Foothills. From these
measurements, we will know if the terrace has deformed or not by comparing the terrace

slope with the modern river slope.
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Figure 3.11 Euclidian section of A-A’ used to project the terraces along the Erhjen River (Appendix A for
bigger scale)
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Figure 3.12 Projected topographic profile A-A’ (See location in Figure 3.11). The code number of
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Figure 3.14 Schematic diagram of 1“C dates for each group of terrace age based on Hsieh & Knuepfer
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Table 3.3 Central Geological Survey borehole data (Central Geological Survey, borehole sites refer
to map in Figure 3.13)

. Sedimentation Rate
Borehole Sites Depth (m) Age ( Years BP) (mmiyear)
44.7 7780 + 40 5.7
89.3 8420 + 40 10.6
Sheng-Gong 123.7 11130+ 50 11.1
183.6 28670 + 200 6.4
246.7 47950 + 2270 5.1
9.9 2040 + 60 4.9
29.4 4440 £ 60 6.6
105.1 8940 + 60 11.8
Cheng-Kung 1345 10630 = 60 127
166.9 13100 £ 72 12.7
182.7 16010 + 80 11.4
20.6 6410 +40 3.2
40.5 7420 +40 55
Wen-Xian 70.7 9220 +40 1.7
163.4 >45000
216.8 >45000 2.6
e 22.3 7350 + 40 3
35.9 9360 + 70 3.9
4.8 6160 +40 0.8
Yi - Jia 15.4 6680 +40 2.3
38.7 9730 + 70 4
20.2 5970 + 60 3.4
Alian 46.6 46110 +178 1
66.9 >40000 0.7
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The borehole data from Central Geological Survey in the coastal plain provide us
several ages and sedimentation rates on each borehole sites at a different depth (Table
3.3). From this information we can get an insight that in the coastal plain within less than
50 meters depth the sedimentation rates are ranging from 0.8 — 5.7 mm/year during ~7000
Years BP — 2000 Years BP. If we correlate the sedimentation rate from this data to the
regional sedimentation rate from a previous study (Figure 1.4) it has a similarity that as
time goes by the sedimentation rate is increasing.

On the other hand, if we put the timeline for each radiocarbon dates on each group
of terrace (Figure 3.14), we can determine the age of each terrace with several
assumptions. Based on our determination, we can say the youngest terrace is T4a with the
age younger than 800+30 Years BP, then T3a with the age 800 — 870 Years BP, followed
by T2b with the exact 1010+30 Years BP, and T2a in sometime between 1010 — 1380
Years BP, the last and oldest terrace is T1b with the age range between 1600 — 2240 Years
BP. Based on our slope calculation with the euclidian axis, we found that T1a has the
steepest slope which has value for about 4.28° followed by T2a with 3.91° then T3a with
2.66° and T4a is the most gentle terrace with the 1.98° slope. The Erhjen River slope also
changes become steeper as it passes the Lungchuan fault. If we compare the slope on the
west side and east side of Lungchuan fault the result is showing that river slope in the east
side of Lungchuan fault has a value 0.8° while the west side is 1.9°. From the calculation
of the slope, we know that T1a has the steepest slope among the other terraces. This is
due to the T1a formed earlier thus, it encounters more deformation resulting in the steep
slope. As in the coastal plain where the Cc and the FP developed very well. In Cc with
only 8 — 10 meter different elevation from its highest terrace to the lowest, it spreads to
more than 5 km same case also happen with the FP. A curvilinear profile of Erhjen River
also shows several slope changes. We record three slope changes and three of them are
located near the fault. In the upstream, the slope of the river is 0.38°. Then, the slope
changes near the Pingchi fault become 0.24° followed by another change starting from
Lungchuan fault, the river slope become 0.21°

T2a, T3a, and T4a terraces are the most continuous terrace since we can connect
them from upstream to downstream comparing to Tla that are not develop in several
areas.T2a, T3a, and T4a slope of the terraces are changing and the slope steepens where

the Gutingkeng fault and Lungchuan fault occurred.
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3.4 Discussion

The initiation of the major terrace surface in the lower Erhjen River Basin is more
dependent on increases in bedload yield from hillslopes, triggered by catastrophic rainfall
events (Hsieh & Knuepfer, 2001). Erhjen River made the highest suspended load carrier
with the value of 1.3 x 107”t/year (Hydrological Year Book of Taiwan, R.O.C). It carries
gravel bedload, probably from Miocene sandstone/shale ridges (Hsieh & Knuepfer,
2001). This high value of the suspended load and climate change become the reasons why
the Erhjen River has high incision rate, reaching up to 3 cm/year from 0.8 ka to recent
based on the radiocarbon dating results in the midstream part of Erhjen River. Despite the
fact that Erhjen River incision rate was fast due to climate change, several hypotheses
also could be the factor of fast incision rate in the Erhjen River. These hypotheses will be

based on two assumptions. The first assumption is some of the ages that located in the

midstream is not representative. From Figure 3.7, we know that we have three ages that
have close range which is the 0.8 ka — 1.3 ka. The only age that we suspect to be not
representative is the 2 ka. If the 2 ka age is expected to be younger (close with the age of
1.3 ka) the local incision rate will be also similar with the other three sites. Thus, the river
condition is not disturbed or we can say there is no anomaly in the river. The second
assumption is all ages in the midstream are true/representative. In the second

assumption, we can generate four hypotheses. First hypothesis is related to sea level

fall. If the sea level fall, the river will try to catch the base level/sea level. Thus, the stream
of the river will stronger which cause the incision of the river is increasing. Second
hypothesis is there is fault activity that change after 1 ka. As we can see in the Figure
3.7 local incision rate was recorded 2 mm/yr during 2 ka — 1 ka then it suddenly increasing
10 times become more than 20 mm/yr. Third hypothesis is there is some changes in river
slope. If the slope of the river is changing and become steeper, the river stream will also
increase. Causing the incision rate become fast. Fourth hypothesis is we interpret there
is another fault in-between the sampling sites of 2 ka (east side of the river banks) with
the 1 ka (west side of the river banks) we will discuss each of the hypothesis in this
section.

Leveling data have been provided in the research location from Ching et al (2015)
helps us to take a look of which area that has the bigger uplift rate. We project these
leveling benchmark points into the 280° azimuth Z-Z’ axis (Figure 3.16) and plot in the

data to the uplift rate versus distance graph. We observe the leveling data during 2004 —
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2010 and 2010 - 2016 and separate into two periods based on the two earthquake events
which are My 6.4 Jiashian Earthquake (March 4™, 2010) and My, 6.4 Meinong Earthquake
(February 5%, 2016). The first period, during 2004 — 2010 the highest uplift rate was
reached by station G478 with 24.2 mm/yr followed by the three benchmark stations G477,
J109, and J110 with each value 21.24 mm/yr, 20.3 mm/yr, and 20.9 mm/yr. The second
period, during 2010 — 2016 the highest uplift rate was same which is G477, reaching 19.8
mm/year followed by G478 and J109 station with uplift rate 19.26 mm/yr and 19.1 mm/yr.
As we take a look on the graph, in the second period all of the benchmark stations were
uplifted. As the Jiashian earthquake and Meinong earthquake occur, the leveling
benchmark points near Gutingkeng fault increasing rapidly (Figure 3.17).

As we observed the highest uplift rate stations, all of them were located in the east
side of the Erhjen River (Figure 3.19). These leveling data will support another
hypothesis that both side of the river is uplifted. We compare the uplift rate in the
midstream area with local incision rate and the result is the local incision rate still bigger
than the uplift rate.

As we think the First hypothesis which is sea level fall, we have to check the
global sea level and local sea level change. Global sea level has fluctuated widely in recent
geologic past. It stood 4-6 meters above the present during the last interglacial period,
125,000 years ago (Gornitz, 2007). As we see in Figure 3.16 the relative sea level has
increased to approximately 120 meters since 20,000 years ago. Increasing sea level
alleged due to the climate warming resulting in the massive ice sheet that covered parts
of North America, Northern Europe, and several other regions during the last ice age melt.
By the mid-Holocene period, 6000 — 5000 years ago, the glacial melting rate becomes
slower. In Taiwan itself based on the observation during 1950 — 2000 the sea level around
Taiwan also increase. Showed by the 2 stations in Kaohsiung and Penghu with 2.41
mm/yr and 6.06 mm/yr (Figure 3.15). With this information we can clearly discard this
hypothesis.

Meanwhile the Second hypothesis, we interpret that the terrace in the west side
of the riverbed is uplifted at about 23 meters relative to the riverbed. This value is

calculated from the terrace elevation compare to the riverbed.
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Figure 3.20 Leveling data time series for benchmarks G477, G478, J109
and J110 (Courtesy of Ching Kuo-En, 2018)

As we take a look at the curvilinear profiles of Erhjen River with its terrace
deposits, we can see that the Erhjen River slope becomes steeper in the west side of
Lungchuan fault. This phenomenon will support the Third hypothesis which is the
increasing slope of Erhjen River. We calculate Erhjen River slope in the east side
(upstream — midstream) is 0.9° while the west side (midstream — downstream) of
Lungchuan fault is 1.5°.
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In the fourth hypothesis, there is another reverse fault interpreted dipping to the
east between both sides of the river in the A-A’ (Figure 3.21). Another west dipping fault
also interpreted in the tilted terrace T2a. As we try to map this fault trace, it is hard to
correlate since we only draw fault based on the topographic offset and tilted terrace. This
interpretation is weak since we do not have any age in the bedrock, we can not tell which
rock is older or younger. The previous study’s Gutingkeng fault trace is based on the
Gephyrocapsa oceanica nannofossils first appearance datum (FAD) which is located in
the east side of Gutingkeng fault at the zonation of NN 18, Late-Pliocene (Martini’s
zonation 1971) while the west side marked by the last appearance datum (LAD) of
Helicosphaera selli at the zonation of late NN 19, Early-Pliocene (Martini’s Zonation
1971) (Horng, 1994). All of those fossils will be the indicator that the west part of the
Gutingkeng fault is younger than the east part, which marks a Gutingkeng fault is an east-

dipping reverse fault.
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Figure 3.21 The location of interpreted reverse fault

Another observation on the ages in the CGS borehole showing that they can be
correlated with the age in the terrace that located in the east part of Mountain Front.
Within 100 m depth (except in the Alian, which is closest to the Mountain Front) the ages
are in range between 6000 — 9000 years BP, especially those which are near the surface
of Chungchou terrace the ages even have close range with 6000 — 7000 years BP. If we
take a look at the ages in the Cheng-kung (coastal plain) borehole which is 2000 years BP
it can be correlated with the age of the terrace in the downstream which is also dominated
by 2000 years BP.

Based on our observation of the terrace deposit, leveling data, and radiocarbon
dating we found that the second hypothesis (Fault activity change after 1ka), third
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hypothesis (there are changes in river slope), and fourth hypothesis (another fault
occurred in-between the sampling sites) are most likely to occur in this area. The incision
rate of the river due to the tectonic tilting or uplifted area in both sides of the river terraces
which caused the river slope increase should increase the tendency of a river to incise.
While the first hypothesis is less likely to occur because of the sea level rise reaching up
to 120 meters and the results of nannofossils which become an indicator of the dip of the
fault.

Meanwhile the First assumption is also most likely to occur. As we compare our
radiocarbon dates we found that the only one dates that has 2 ka age compare to other
radiocarbon dates that located nearby. This 2 ka age can be recycled and if it is recycled,
the age would be similar with the other three sites.

This means that tectonic becomes the dominant factor in the control of the Erhjen
River terrace deposit. We do not deny climate factor does not affect the Erhjen River, it
does affect the Erhjen River. Climate events such as rainy season and typhoon can
increase the quantity of the water in Erhjen River. An increasing amount of water in the

river will also increase the incision rate of the river to erode the body of the river.

3.5 Limitation

We already see and measure how the terrace can be affected by the geological
structure. We calculate local incision rate based on the elevation and radiocarbon. But
somehow, we encounter some limitation that we cannot avoid.

In the first step of terrace classification, we only can rely based on the elevation
level. We classify the terrace that has high elevation level the oldest terrace and vice
versa. Until we have 14C radiocarbon to determine the age of the terrace. The radiocarbon
dates help us to classify in more detail the age of each terrace. But still, due to the limited
time and resources, we only date several places that important for us. Radiocarbon dates
only cover local area. So our incision rate based on the radiocarbon dates is applied in the
local area of the Erhjen River. And also some material that we dates are reworked so we
can not rely upon all of the radiocarbon dates.

The aerial photo is less used, because aerial photo will also take picture of the

trees. Trees become obstacle when we want to observe the flat surface area along the side
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of the river. But it is useful when we encounter some uncertainties in the DEM. For
example, not all of the flat surface are natural. It can be artificial and made by the human.
When we conduct the field survey, the aerial photo will show us the condition in a certain
area. Several areas we are unable to visit due to the inaccessible road, so we just do the
reconnaissance based on the aerial photo.

Another part that becomes our concern is the drawing of the Gutingkeng fault
trace. We cannot draw the Gutingkeng fault trace just based on the tilted terrace and
topographic scarp/offset. Several geological profiles are needed to know the deformation
in the Gutingkeng fault. However geological profiles in this research area could be an

objective in the future work.
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Chapter 4 : Conclusions

Our surveillance on the Erhjen River terrace deposit has given us the insight
about the modern geological event in this river. Based on our observation, four major
terraces and four sub-groups of terraces are developed in the Erhjen River. These terraces
became our tools to determine what happened in this area. Our 14 C radiocarbon date
results are the age of each terrace are different the youngest terrace is T4a with the age
younger than 800+30 Years BP, then T3a with the age 800 — 870 Years BP, followed by
T2b with the exact 1010+30 Years BP, and T2a in sometime between 1010 — 1380 Years
BP, the last and oldest terrace is T1b with the age range between 1600 — 2240 Years BP.

Some tilted terraces have been found in the midstream area of Erhjen River.
These tilted terraces become an indicator of the movement of the geological structure
which is developed in this area. Lungchuan fault and Gutingkeng fault are the geological
structures that affect these tilted terraces. We measure the slope of 10 tilted terraces in the
midstream of Erhjen River with a value ranging from 1° - 4° and developed mostly in T2a
terraces. We also mapped the Gutingkeng fault trace on the surface of the terrace deposit.

We calculate incision rate at three sites in the midstream of Erhjen River. The
incision rate calculation is based on the radiocarbon dates and elevation of the sample
from the modern channel. The first site is in the C2, C9, and sample no. 9 areas showing
that from the 2020+40 years BP (T2a) to 1010+£30 years BP (T2b) Erhjen River erodes
for about 2 mm/year, then it increases to 20 mm/year from 1010430 to recent, it is
increasing 10 times larger. The other sites are located in the C62 (T2a) sample, from this
sample we can conclude that during the 1380 Years BP to recent the incision rate is about
2.8 mm/year. In the location of C68 (T3a) sample, we calculate the incision rate is about
2.5 mm/year. From all of these differences in radiocarbon dates result, we can simplify
during the 1 ka to recent the incision rate in the upper midstream part of Erhjen River is
about 20 — 30 mm/year.

We know that Erhjen River keeps incising the bedrock but we also have to
consider that the midstream part of Erhjen River is uplifted. Based on the leveling data
observation from the previous study shows that the leveling station in the west side of
Gutingkeng fault record the highest uplift with 25.1 mm/year during 2004 — 2010 and
34.2 mm/yr during 2010 - 2016.
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Euclidian topographic profile of terrace deposit from upstream to downstream
has been made. From these profiles, we also can determine the slope of each terrace from
upstream to downstream. Based on our calculation on the Euclidian profiles, we get the
Tlaslope is 4.28° T2ais 3.91°, T3a is 2.66° and T4a is 1.98°. T1la is the steepest terrace
since it encounters the geological structure longer than the other terrace. As we can see
on the profiles, the slope of the Erhjen River become steeper in the west side of the
Lungchuan fault. From this phenomenon, we can understand that the Gutingkeng and
Lungchuan also do affect the Holocene deposit, in this case, the terrace deposit.

Since our goal is to get a better understanding of the Holocene deformation in
the Gutingkeng fault, we do provide several hypotheses that can lead to understand the
deformation. But however, in this study it is hard to say that we did not answer completely
the question of our objectives. We need geological profile in a certain location to know
the condition below the surface of the deformation of the footwall of Gutingkeng fault.
Several geological profiles near the research area provided by previous studies can be a

reference to draw the geological profiles for future work.
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