DYNAMIC CRUSTAL RECYCLING AND SURFACE PROCESSES AT THE
SUTURE ZONE OF ARC-CONTINENT COLLISION: INSIGHTS FROM DEEP-TIME
SEDIMENTARY STRATIGRAPHY AND MODERN LANDSCAPE OF THE

COASTAL RANGE, EASTERN TAIWAN

by

LARRY SYU-HENG LAI

A DISSERTATION

Presented to the Department of Earth Sciences
and the Division of Graduate Studies of the University of Oregon
in partial fulfillment of the requirements
for the degree of
Doctor of Philosophy

December 2022



DISSERTATION APPROVAL PAGE
Student: Larry Syu-Heng Lai

Title: Dynamic Crustal Recycling and Surface Processes at the Suture Zone of Arc-
Continent Collision: Insights from Deep-Time Sedimentary Stratigraphy and Modern
Landscape of the Coastal Range, Eastern Taiwan

This dissertation has been accepted and approved in partial fulfillment of the
requirements for the Doctor of Philosophy degree in the Department of Earth Sciences
by:

Rebecca J. Dorsey Chairperson/Advisor

Joshua J. Roering Core Member

Diego Melgar Core Member

Mark A. Fonstad Institutional Representative

and

Krista M. Chronister Vice Provost of Graduate Studies

Original approval signatures are on file with the University of Oregon Division of
Graduate Studies.

Degree awarded December 2022

1



© 2022 Larry Syu-Heng Lai

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs (United States) License

@089

111



DISSERTATION ABSTRACT
Larry Syu-Heng Lai
Doctor of Philosophy
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December 2022

Title: Dynamic Crustal Recycling and Surface Processes at the Suture Zone of Arc-
Continent Collision: Insights from Deep-Time Sedimentary Stratigraphy and
Modern Landscape of the Coastal Range, Eastern Taiwan

The arc-continent collision system has been considered as a primary mechanism
in the growth of continental crust, which involves development of both rising eroding
mountains and subsiding syn-orogenic basins. However, the rates, timescales, and
structural controls on these processes remain poorly understood. In this dissertation, I
address these questions through stratigraphic and geomorphic studies in the Coastal
Range of eastern Taiwan, an active arc-continent collisional orogen. The first portion of
this work focuses on long-debated origin of the Lichi Mélange and associated basin
evolution in the southern Coastal Range. Results of integrated stratigraphic and
lithofacies analysis reveal a polygenetic origin (sedimentary deposit overprinted by
structural shears) of the Lichi Mélange. This mélange unit is interbedded with orogen-
derived turbidites that accumulated on accreting island-arc basement in a retrowedge
foredeep basin from ca. 4.0 to 0.8 Ma. The next chapter investigates vertical crustal
motions involved in creation of the modern Coastal Range. I applied high-resolution
backstripping procedures to composite sections in southern and northern Coastal Range,
using updated age constraints and foraminifera-based paleobathymetry. The results reveal
abruptly oscillating vertical motions in the accreting arc crust, which can be interpreted
by an eastward migrating flexural wave, followed by an extremely rapid uplift via
transpressional deformation since 0.8-0.5 Ma. In the following chapter, I further
conducted quantitative topographic analysis to evaluate the primary controls on the
landscape patterns in the modern Coastal Range. The results show that, in this fast-

eroding terrain, channel steepness and hillslope gradient are independent of uplift rate but

v



systematically vary with bedload grain size and bedrock lithology. High flux of coarse
sediment and ubiquitous mass-wasting hillslopes together dominate erosion processes
and set the topographic limit of the Coastal Range. These three chapters collectively
present a comprehensive investigation into the genesis of Taiwan’s Coastal Range, from
a subsiding deep-marine sedimentary basin millions of years ago to a rapidly emerging
steep mountain belt today. The results provide novel perspectives in understanding how
rock cycle, crustal deformation, and topographic evolution interact in an active mountain-
building zone.

This dissertation includes previously published co-authored materials with

electronic data spreadsheets in supplemental files.
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CHAPTER I
INTRODUCTION

Sediments and topography form as net results of weathering, transport, and
deposition. They have been jointly considered as carriers of natural information from
eroding “sources” and depositional “sinks,” in response to temporal and spatial changes
in tectonism, climate impacts, and biosphere activities. Scientists study source-to-sink
systems to understand the driving mechanisms that control rock cycle and crustal
evolution. However, to what degree we can decipher these signals from geologic and
geomorphic records persists as a grand challenge. Significant uncertainties remain in our
understanding of the magnitude, pace, and timescale required for different Earth’s
processes, particularly in tectonically active regions, to influence our habitat and
determine its evolution through time.

To seek breakthrough in this subject, I study sedimentary stratigraphy and
landscape in the Coastal Range of eastern Taiwan — one of the most tectonically active
mountain-building zones on Earth’s surface. The Taiwan orogen rises as a result of an
ongoing arc-continent collision, where a volcanic island arc (Luzon Arc) is accreting to
the Eurasian continental margin. This dissertation seeks to reconstruct the whole life of
the Coastal Range, from a subsiding basin developed on top of island-arc crust that
received sediments derived from early collisional mountain source, to a currently
exhuming and eroding steep topography that has become a part of the growing mountain
belt. This case study provides a rare opportunity to observe a complete cycle of crustal
evolution from a “sink” to a “source”, and assess how surface processes respond to rock
exhumation, erosion, deposition, and structural deformation at different time-space
scales.

In chapter 11, I studied deep-time syn-orogenic sedimentary stratigraphy in the
southern Coastal Range, which allows me to explore the rates and mechanisms of crustal
mixing and recycling, and associated basin development at this collisional plate suture. I
first compile data from published and new field stratigraphic and sedimentologic
measurements, rock paleomagnetism, and marine microfossils (planktic foraminifera and

calcareous nanoplanktons) to establish a high-fidelity stratigraphic framework in this



area. This framework provides robust stratal age constraints and permits reconstruction of
basin geometry, depositional system, and sediment routing history. Combined evidence
solves the long-debated genesis of the Lichi Mélange, a chaotic mixture of rocks from
both colliding plates, and associated sedimentation in a retro-foredeep basin in response
to episodes of accelerated source exhumation and tectonic reorganization.

In chapter III, I combined high-fidelity chronostratigraphic framework of southern
Coastal Range established in chapter II with new data of field mapping and magneto-
biostratigraphy in northern Coastal Range to detect dynamic vertical crustal motions that
are required to produce accommodation space for sediment accumulation in the past and
then invert the basement rock to modern surface. Foraminifera-based paleo water depth
reconstruction and backstripping analysis are used to model the history of subsidence of
island arc basement, detect the timing of transition to structural inversion, and estimate
the rate of ongoing rapid uplift needed to exhume the basement rock to modern elevation
of the Coastal Range.

In chapter IV, I focus on evolving landscape in the modern Coastal Range to
investigate interactions between active tectonics and surface processes. I utilized
theoretical tools in quantitative geomorphology with physical parameters constrained
from digital elevation models and field observations (e.g., channel morphology, bedrock
strength, characteristics of river sediments). Published data for independently measured
uplift-rate field and climate forcing (e.g., annual precipitation) are compiled for a
comprehensive assessment of the primary control(s) on patterns in fluvial landscape
features such as hillslope gradient and channel slope. The results provide novel insights
into how a mountainous landform reacts to rapid rock exhumation and transient surfaces
processes related to sediment production and transport.

Chapters II and IIT of this dissertation are co-authored with Rebecca J. Dorsey,
Chorng-Shern Horng, Wen-Rong Chi, Kai-Shaun Shea, and Jiun-Yee Yen, and were
published in Sedimentary Geology and Communications Earth & Environment. Chapter
IV is co-authored with Joshua J. Roering, Noah J. Finnegan, Rebecca J. Dorsey, and Jiun-

Yee Yen, and was published in Earth Surface Processes and Landforms.



CHAPTER II
POLYGENETIC MELANGE IN THE RETROWEDGE FOREDEEP OF AN ACTIVE
ARC-CONTINENT COLLISION, COASTAL RANGE OF EASTERN TAIWAN

This chapter has been published as Lai, L. S.-H., Dorsey, R. J., Horng, C.-S., Chi,
W.-R., Shea, K.-S., and Yen, J.-Y. (2021) Polygenetic mélange in the retrowedge
foredeep of an active arc-continent collision, Coastal Range of eastern Taiwan.
Sedimentary Geology, 418, 105901. I, Rebecca. J. Dorsey, and Jiun-Yee Yen conducted
field geological surveys and sedimentologic and stratigraphic measurements. Chorng-
Shern Horng and I are responsible for sampling and experimental works for
paleomagnetism study. Wen-Rong Chi, Kai-Shuan Shea, and I performed microfossil
identifications and biostratigraphic analysis. I am the lead author on the paper, which
involved data synthesis and analysis, preparation of figures and tables, and writing the
entire manuscript. All other coauthors assisted with data interpretation and editorial

feedback.

1. Introduction

“Mélange” in geology is a non-genetic lithological term defined as a mappable
and chaotic rock unit consisting of extra-formational (exotic) blocks embedded in highly
mixed and disrupted matrix (i.e., block-in-matrix fabrics) (Cowan, 1985; Greenly, 1919;
Hsii, 1968). Mélanges form by large-scale stratal disruption via tectonic, diapiric, or
sedimentary processes, or a combination of these processes (i.e., polygenetic) (Raymond,
1984, 2019). They provide insights into the kinematics of crustal deformation and rock
mixing at active plate margins, and therefore are useful for reconstructing continental
growth over deep time in tectonically active settings (Dilek et al., 2012). Processes of
mélange formation at the continent-ocean interface of arc-continent collision zones are
particularly controversial and poorly understood due to the relative paucity of well-
preserved mélange records from ancient arc-continent collision zones globally (Festa et
al., 2010), despite a few recent advances in a Neoarchean arc-continent collision system
of the North China Craton (e.g., Kusky et al., 2020; Wang et al., 2019). The low

preservation potential of mélanges at suture zones likely reflects the short lifetime (often



~5-15 Myr) of arc-continent collision systems and rapid crustal erosion that occurs after
the forearc crust is accreted in the retrowedge of arc-continent collision suture zones
(Draut & Clift, 2013).

To address these challenges, many studies have focused on active arc-continent
collision orogens where young or active mélange generation can be directly observed
(e.g., Harris & Audley-Charles, 1987; Huang et al., 2000). However, the genesis of these
mélange units remains debated in part due to inconsistent definitions of “mélange” that
lie at the center of controversies over tectonic models in many orogenic belts (Festa et al.,
2012; Raymond, 2019). Growing evidence suggests that microscopic to outcrop-scale
internal shears and block-in-matrix fabrics cannot be used as definitive criteria to
distinguish mélange formation by faulting, diapirism, or gravitational processes (Ogata et
al., 2012; Raymond, 1984; Wakabayashi, 2019), because mechanical styles of stratal
disruption and brecciation depend on local physical properties (e.g., permeability,
strength), which in turn depend on degree of consolidation, fluid content, pressure,
temperature, and rate of structural loading and deposition (Festa et al., 2019; Michiguchi
etal., 2011; Ogata et al., 2014). In addition, recycling and incorporation of juvenile
crustal materials via episodic tectonic and/or sedimentary processes commonly overprint
older features at the boundary between advancing orogenic fronts and adjacent
sedimentary basins (Festa et al., 2016; Moore et al., 2019; Ogata, Festa, Pini, & Alonso,
2019). As such, interdisciplinary constraints from geologic mapping, stratigraphic
analysis, kinematic study, etc. are required to advance our understanding of mélange
formation in arc-continent collision zones.

The Lichi Mélange in the Coastal Range of eastern Taiwan (Figure 1) is widely
considered a classic example of mélange formed in an arc-continent collision suture, but
its origin is poorly understood and thus still a matter of debate (Figure 2). Prior studies
have documented evidence in support of both sedimentologic (e.g., Liou et al., 1977,
Page & Suppe, 1981) and tectonic (e.g., Chang et al., 2000; Chang et al., 2001; Chen,
1997b) processes of rock mixing, suggesting a possible polygenetic origin for the Lichi

M¢élange. However, the question of whether tectonic shearing or sedimentary
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Figure 1. Geological setting. Plate configuration and tectonic domains at Taiwan arc-continent
collision, synthesized and modified from previous studies (Chen et al., 2019; Huang et al., 2018;
Lin et al., 2003; Malavieille et al., 2021).



(olistostromal) emplacement was the primary mode of shearing to form the Lichi
M¢élange remains unresolved. Such controversy is related to alternate models for basin
evolution recorded by Plio-Pleistocene sedimentary rocks in the Coastal Range.
According to the prevailing hypothesis (Figure 2A), the Coastal Range is underlain by
relatively little-deformed volcanic islands and adjacent forearc, intra-arc, and backarc
basins (e.g., Chen, 1997a; Huang et al., 1995; Song & Lo, 2002; Teng, 1987), and the
Lichi Mélange formed by tectonic shearing in a mega-thrust belt during large-scale
forearc shortening (e.g., Chang et al., 2001; Chen, 1997b; Huang et al., 2018; Huang et
al., 2008). Other studies suggest an olistostromal origin for the Lichi Mélange and
consider the main body of the mélange to be part of a genetically related sedimentary
sequence (e.g., Barrier & Muller, 1984; Liou et al., 1977; Page & Suppe, 1981) that filled
a syn-orogenic flysch basin and was later tectonically inverted (e.g., Dorsey, 1988;
Lundberg & Dorsey, 1988) (Figure 2B). The second hypothesis postulates that the basin
is deformed by large thrust faults due to strong crustal shortening, and the modern
topography of the Coastal Range reflects the areal distribution of young structures and
antiformal culminations rather than intact volcanic islands (Dorsey, 1992; Thomas et al.,
2014).

The origin of the Lichi Mélange is likely also related to the formation of the late-
Miocene Yuli Belt, an exhumed greenschist-blueschist facies metamorphosed mélange in
the Central Range of Taiwan, located directly west of the Coastal Range (Figure 1).
Recent studies of the Yuli Belt propose numerous tectonic models to explain mélange
formation and rapid exhumation at the collisional plate suture (e.g., Chen, Chung, et al.,
2017; Conand et al., 2020). Thus the Lichi Mélange sits at the center of ongoing debate
over processes of mélange formation during accretion of oceanic arc crust, mechanisms
of tectonic recycling in arc-continent collision suture zones, and processes that drive
growth of continental lithosphere through time (Clift & Vannucchi, 2004). High-
resolution age constraints, geologic mapping, process-based sedimentology, and
stratigraphic studies are therefore needed to resolve long-standing uncertainty and debate
over the origins of the Lichi M¢élange.

For this study we conducted detailed geologic mapping, lithofacies analysis,

measured sections, magneto-biostratigraphy, paleoslope and paleocurrent analyses to test



hypotheses for sedimentary versus tectonic origins of the Lichi Mélange. The results are
systematically compiled below and applied to interpret the basin-filling history,
reconstruct basin geometry, and evaluate the role of the Lichi Mélange in the evolution of

the Taiwan collisional orogen.

Lichi Mélange = Structural Shear Zone (Tectonic Mélange)
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Figure 2. Comparison of published models for the origin and tectonic controls on formation
of the Lichi Mélange. Figures are identical in the western half (central Taiwan orogen to pro-
foreland basin); all differences are expressed in the eastern half, at the complex interface between
Eurasian and Philippine Sea plates (dashed box). (A) Plate configuration and tectonic domains at
Taiwan arc-continent collision, synthesized and modified from Huang et al. (2018). (B) Lichi
Me¢lange originated as a sequence of marine mega-slumps (olistostromes) formed in a syn-
orogenic foredeep basin at the east margin of the east-vergent retrowedge zone of the Taiwan
orogen, modified from Malavieille et al. (2016).



2. Geological background

The island of Taiwan is an active arc-continent collisional orogen produced by
oblique convergence between the Eurasian continental margin and Luzon Arc on the
Philippine Sea plate (Figure 1) (Suppe, 1984; Yu et al., 1997). The orogen is
characterized by a low gradient west-vergent prowedge thrust belt in the west and a steep
east-vergent retrowedge in the east, separated by a high drainage divide that parallels the
major structural fabrics (Fisher et al., 2007). The major morphotectonic units of Taiwan
include: (1) Pliocene to modern pro-foreland basin and west-vergent thrust belt in the
western Taiwan Strait, Coastal Plain, and Western Foothills; (2) deformed low-grade
Eocene to Miocene meta-sandstone and argillite in the Hsueshan Range and western
Central Range; (3) older metamorphic continental basement in the Tailuko Belt; (4)
greenschist-blueschist facies mafic to ultramafic metamorphic rocks and associated meta-
sediments in the eastern Central Range (Yuli Belt and Eastern Slates); and (5) accreted
volcanic rocks of the Luzon Arc and overlying deformed sequence of unmetamorphosed
flysch deposits in the Coastal Range (Chen, Chung, et al., 2017; Teng, 1990). Estimates
for the age of onset of collisional mountain building in Taiwan vary from about 6.5 to
12.5 Ma based on stratigraphic evidence for flexural loading in the pro-foreland basin and
earliest introduction of continental material into the trench (e.g., Chen et al., 2019; Lin et
al., 2003; Tensi et al., 2006). Despite these differences, it is widely agreed that major
orogenic uplift, crustal thickening and tectonic exhumation began at ca. 5 Ma. Pulses of
accelerated exhumation occurred at ca. 1.5-2.0 Ma and 0.5 Ma as indicated by abrupt
changes in sedimentation rate and sandstone petrography in syn-orogenic basins (Chen et
al., 2019; Dorsey, 1988; Nagel et al., 2014; Teng, 1990), timing of pressure-temperature
dependent metamorphism (Beyssac et al., 2008; Keyser et al., 2016; Sandmann et al.,
2015), and bedrock cooling history based on thermochronologic studies (Hsu et al., 2016;
Lee et al., 2015).

Previous studies of the Coastal Range have applied conflicting definitions of
lithostratigraphic units (e.g., Chen, 2009; Horng & Shea, 1996; Huang et al., 2018; Lai,
Ng, et al., 2018), regional structures (e.g., Chen, Huang, et al., 2015; Chen, 2009; Lai &
Teng, 2016), and basin style and geometry (e.g., Chen et al., 2019; Huang et al., 1995;
Lundberg & Dorsey, 1988; Teng, 1987). In addition, the term “mélange” has been



defined differently in published analyses and geologic maps (e.g., Barrier & Muller,
1984; Chang et al., 2000; Chen, Huang, et al., 2017; Chen, 1997b; Hsu, 1956; Huang et
al., 2018; Page & Suppe, 1981), resulting in ambiguous tectonic interpretations for
eastern Taiwan. In the following sections, we present a standardized lithostratigraphic
framework and rock classification scheme for coherent (non-mélange) strata in the
Coastal Range based on a synthesis of classic and recent published studies. We then
summarize existing knowledge of regional structures in the southern Coastal Range,
current models for the Lichi Mélange and basin evolution, and provide standard

definitions and stratigraphic nomenclature to be used in this paper.

2.1. Non-mélange strata and structures of the Coastal Range

Miocene rocks representing arc and forearc crust in the Coastal Range are
unconformably overlain by a thick (4—7 km) section of PlioPleistocene synorogenic
marine flysch and conglomerate (Figure 3). The Tuluanshan Formation is defined as all
volcanic and volcaniclastic rocks beneath the unconformity, including the Chimei
Igneous Complex (~15-9 Ma), Shihmen Volcanic Breccia, and older Shihtiping Tuff
(~15-6 Ma) (Chen, 1997a; Lai et al., 2017; Song & Lo, 2002). A ~2 Myr time gap at the
basal unconformity is characterized by an abrupt change in depositional age,
cementation, clay mineralogy, and truncated normal faults that are restricted to the
Tuluanshan Formation beneath the unconformity (Barrier & Angelier, 1986; Dorsey,
1992). Field and stratigraphic analysis for this study shows that the age gap is partly
occupied by an eastward-younging thin discontinuous sequence comprised of the Biehchi
Epiclastic Unit (~4 Ma), Kangkou Limestone (~5-3 Ma), and younger units of the
Shihtiping Tuff (~4.2 Ma) (see details in Section 6.1).

The synorogenic Plio-Pleistocene succession of marine flysch and conglomerate
in the Coastal Range records unroofing of metamorphic rocks in the Central Range
orogen as documented with changes in abundance of metamorphic lithic fragments (e.g.,
Chen et al., 2019; Dorsey, 1985; Teng, 1979), illite crystallinity (Buchovecky &
Lundberg, 1988; Dorsey et al., 1988; Yao et al., 1988), and reset detrital
thermochronometers (Kirstein et al., 2014; Kirstein et al., 2010). Earlier stratigraphic

studies named these deposits the Takangkou and Chimei formations (Hsu, 1956), or



collectively the Takangkou Formation (e.g., Chang et al., 2000; Chen, Huang, et al.,
2015; Huang et al., 2008; Page & Suppe, 1981). Definitional problems and
inconsistencies led to a newer nomenclature that subdivides the section into the
Fanshuliao and Paliwan formations (Chen, 2009; Teng, 1987). The Fanshuliao Formation
contains thick slumped and chaotic horizons in mudstone and fine-grained turbidites,
with sand composed of volcanic lithic fragments, plagioclase feldspar, quartz sand, and
carbonate bioclasts (Teng, 1980; Teng et al., 2002). The Paliwan Formation consists of
thin- to thick- bedded turbidites and submarine conglomerates with abundant low-grade
metamorphic lithic fragments and only minor volcanic clasts (Chen, 1997a; Teng, 1982).
The base of a widespread pebbly mudstone layer (Pm3) defines the contact between the
Fanshuliao and Paliwan formations in the southern Coastal Range (Chen, 2009; Wang &
Chen, 1993). Recent geologic mapping and stratigraphic analysis permits further
subdivision based on recognition of multiple widespread marker beds of pebbly
mudstone and tuffaceous turbidites (Figure 3) (Lai, Ng, et al., 2018; Lai & Teng, 2016).

The structure of the Coastal Range is dominated by large-displacement imbricate
west-vergent thrust faults and associated regional-scale folds (Wang & Chen, 1993).
Rapid uplift rates (e.g., Chen et al., 2020; Hsieh & Rau, 2009), kinematic analyses
(Barrier & Angelier, 1986; Lin et al., 1999), and modern seismicity (Angelier et al., 2000;
Lee et al., 2006) provide evidence for ongoing active deformation and crustal thickening
in the Coastal Range. Of the total Philippine Sea — Eurasian plate convergence rate (~82—
90 mm yr '), roughly 60 mm yr~' shortening is absorbed by convergence in the Coastal
Range and offshore structures to the east (~60 km) in the past ~1 Myr (Hsieh et al., 2020;
Reed et al., 1992; Tsai et al., 2015).

In the southern Coastal Range, several west-vergent thrust faults and three large
plunging folds control the distribution of map units (Figure 4) (Hsu, 1956; Lai & Teng,
2016; Wang & Chen, 1993). Among these structures, only the Longitudinal Valley fault
is considered to be currently active (Angelier et al., 2000; Lee et al., 2006; Shyu et al.,
2008). Most previous studies map the southern Tuluanshan fault along the drainage
divide between the Taiyuan and Powhua regions (Chang et al., 2000; Chen, Huang, et al.,
2017; Chen, 1997b; Wang & Chen, 1993), but dipping depositional contacts and

continuous stratigraphy suggest the absence of a major fault in that area
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(Barrier & Muller, 1984; Li, 1984; Lin et al., 2008). Field mapping for this study
confirms the depositional nature of contacts where the southern Tuluanshan fault was
originally proposed. West of there we have traced a ~100-300 m wide belt of 5-10 m
wide fault zones with fault gouge and brittle shears aligned with the northern Tuluanshan

fault, which we interpret as the southern Tuluanshan fault where it cuts the Chungye river

(CYC) and the Mukeng river (MKC) sections (see details in Section 5).
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Figure 3. Stratigraphic framework of southern Coastal Range, modified from Dorsey (1992);
Lai, Ng, et al. (2018); Lai and Teng (2016). The geomagnetic polarity timescale (GPTS) and
microfossils' first appearance (F.A.) datums of Indo-Pacific region are summarized (Anthonissen
& Ogg, 2012; Backman et al., 2012; Chuang et al., 2018; Ogg, 2012). The lower right inset shows
ages compiled for the entire Tuluanshan Formation (Chen, 2009; Dorsey, 1992; Huang & Yuan,
1994; Huang et al., 1988; Lai, Chu, et al., 2018).
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2.2. Lichi Mélange

The Lichi Mélange, originally named “Raikoka Formation” or “Lichi Formation”
(Hsu, 1956; Ooe, 1939), “consists mainly of poorly stratified mudstone in which some
large or small rock fragments or blocks of hard greyish sandstone, gabbro,
serpentin(ite), and a little slate are present” (Hsu, 1956). The mélange contains
pervasive shear fabrics in poorly consolidated scaly mudstone and block-in-matrix
textures (Chang et al., 2000; Chen, Huang, et al., 2017; Chen, 1997b; Huang et al., 2018).
Other block lithologies include andesite, volcaniclastic rock, limestone, ophiolite-bearing
sedimentary rocks, amphibolite, low-grade meta-sandstone, and flysch blocks similar to
the Fanshuliao and Paliwan formations (Liou et al., 1977; Page & Suppe, 1981; Sung,
1991). Clay minerals in the matrix are illite with relatively abundant kaolinite, in contrast
to illite- and chlorite-rich Fanshuliao and Paliwan formations, suggesting different
sediment source rocks, routing systems, weathering conditions, or mixing processes (Lin
& Chen, 1986). Depositional contacts and shear zones linked to soft-sediment
deformation and post-depositional thrusting suggest a complex mixture of tectonic and
sedimentary rock-mixing products (e.g., Chang et al., 2000; Page & Suppe, 1981).

Despite previously published evidence for both tectonic and sedimentary origins
for the Lichi Mélange, two alternate hypotheses describe the primary mode of rock
mixing as either tectonic or sedimentologic (Chen, 1991; Huang et al., 2018; Teng, 1981)
(Figure 2). The currently prevailing hypothesis postulates that the Lichi Mélange formed
by shearing of older forearc-basin sediments in a post-depositional megathrust zone
(Chang et al., 2000; Chang et al., 2001; Chen, Huang, et al., 2017; Huang et al., 2018;
Huang et al., 2008; Huang et al., 2000), consistent with earlier models for deformation in
a subduction-accretion complex (Figure 2A) (e.g., Biq, 1977; Chen, 1991, 1997b; Hsii,
1988; Teng, 1981). In this framework, zones with varying degree of stratal disruption and
rock mixing a-8 scheme of Raymond (1984) are all mapped as Lichi Mélange (Chang et
al., 2000; Chang et al., 2001; Chen, Huang, et al., 2017; Huang et al., 2008), and these
mélange zones are defined as being bounded by discrete brittle thrust faults (Chen,
1997b; Wang & Chen, 1993). Thick segments of relatively coherent strata (a and ) are
thus interpreted to be fault-bounded slivers of originally coherent sedimentary rocks, and

exotic blocks (ophiolitic, volcanic, volcaniclastic rock types) are considered to be
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tectonically emplaced structural fault slices (Huang et al., 2018; Huang et al., 2008).
Field observations reveal brittle scaly foliation and shear fabrics near the west-vergent
Longitudinal Valley fault and Tuluanshan fault, particularly in the Powhua and Luye area
(Chang et al., 2000; Chang et al., 2001; Chen, 1997b). Foraminifera biostratigraphic data
are proposed to support a depositional age of ~3.35 to 8.5 Ma for structurally disturbed
strata in the Lichi Mélange, generally older than nearby exposures of the Fanshuliao and
Paliwan formations (~ 4—1 Ma) (Chen, Huang, et al., 2017; Huang et al., 2018; Huang et
al., 2008). Unresolved challenges to this hypothesis include: (1) definition of mélange
units that are based on genetic interpretations, making it difficult to assess the potential
role of gravity-driven processes; (2) lack of consistent criteria for identifying tectonic
faults; (3) contacts that were reported as depositional in original studies (Chang et al.,
2000; Chang et al., 2001) or later work (Lin et al., 2008) remain unexplained; and (4)
interpreted depositional ages of mélange matrix that are inconsistent with prior studies of
calcareous nannoplankton biostratigraphy (see below).

A second group of studies interprets the Lichi Mélange as a complex of
submarine-slide deposits derived from the steep fault-bounded western margin of the
basin (e.g., Barrier & Muller, 1984; Ernst, 1977; Hsu, 1956; Page & Suppe, 1981; Wang,
1976). In this hypothesis, submarine slide blocks (olistoliths) are interbedded with and
pass laterally into flysch facies of the Fanshuliao and Paliwan formations, and were later
overprinted (tectonically reworked) by post-depositional brittle tectonic faults. This
multi-stage hypothesis is supported by analogue modeling (e.g., Malavieille et al., 2021;
Malavieille et al., 2016) and seismic reflection studies of offshore chaotic bodies in the
North Luzon Trough that are proposed as a modern equivalent of the Lichi Mélange (e.g.,
Chi et al., 2014; Huang et al., 1997). Within this framework, the Lichi Mélange, or “Lichi
Formation” (Hsu, 1956), was originally defined as chaotic disrupted broken formation
and mixed block-in-matrix rocks (mélange) with locally interbedded coherent layers of
conglomerate, pebbly mudstone, slump beds, mudstone, and flysch (Liou et al., 1977).
Few undisputed depositional contacts have been reported between mélange and coherent
strata associated with soft-sediment stretching, bending, folding, or fragmentation of
blocks (Li, 1984; Page & Suppe, 1981). Early studies showed that calcareous

nannoplankton assemblages in the Lichi Mélange matrix are similar to those of nearby
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Plio-Pleistocene Fanshuliao and Paliwan formations (< ~4 Ma), and that exotic
sedimentary blocks yield older fossils (~18 to 5.6 Ma) consistent with an olistostromal
interpretation (Barrier & Muller, 1984; Chi et al., 1981; Li, 1984).

However, the sedimentary hypothesis also faces challenges: (1) coherent portions
of the “Lichi Formation™ are similar to the Fanshuliao and Paliwan formations, creating
ambiguities in the definition of stratigraphic units and boundaries; (2) few depositional
contacts have been reported in prior published studies; (3) distal olistostromal facies that
are predicted by this hypothesis have not previously been identified in nearby Fanshuliao
and Paliwan formations to the east (Chen, 1991; Teng, 1981); and (4) because Miocene
sedimentary rocks were not recognized in the eastern part of the Central Range directly to
the west, some workers argued there is no source area to supply Miocene-age
sedimentary slide blocks and olistoliths (Huang et al., 2018).

Taken together, inconsistent stratigraphic definitions and age interpretations have
led to major disagreements over the distribution, contact relationships, and origins of the
Lichi Mélange. Recent studies of mélange-like marker beds (pebbly mudstone) in the
Fanshuliao and Paliwan formations (Lai, Ng, et al., 2018; Lai & Teng, 2016), and a late
Miocene depositional age for metasedimentary rocks in the eastern part of the Central
Range (e.g., Chen, Chung, et al., 2017; Mesalles et al., 2020), have not yet been
considered in this debate. These new findings reveal a need to re-evaluate critical field
relationships in the Lichi Mélange, refine its definition, and reassess its stratigraphic

context in the southern Coastal Range.

2.3. Nomenclature and definitions used in this paper

In this study, we adopt modern nongenetic terms of “mélange” and “broken
formation” to describe mappable (at 1:25,000 or smaller scale) chaotic rocks that
commonly have “pervasively deformed and fragmented matrix of finer-grained material”,
with and without inclusion of extra-formational blocks respectively (Hsii, 1968;
Raymond, 1984; Silver & Beutner, 1980), which represent products of different forming
mechanisms — rock-mixing plus stratal disruption versus only stratal disruption (Festa et
al., 2012; Harris et al., 1998). The terms “olistostrome” and “olistolith”, traditionally

equivalent to “sedimentary mélange” and “slide blocks” following classic principles of
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stratigraphic superposition (Abbate et al., 1970), are applied to name sedimentary
lithofacies in the Lichi Mélange (Table 1). The term “polygenetic mélange” is used for a
mélange body formed through a multistage evolution that involves two or more styles of
rock-mixing mechanisms (sedimentary, tectonic, or diapiric), and its primary fabrics have
been overprinted (reworked) by later processes (Berkland et al., 1972; Festa et al., 2020;
Ogata, Festa, Pini, Pogacnik, et al., 2019).

For the stratigraphic framework, this paper adopts an updated descriptive
nomenclature and depositional ages for lithostratigraphic units in the Coastal Range,
summarized in Figure 3. The Tuluanshan Formation (Chen, 1997a; Song & Lo, 2002) is
capped by a regional unconformity (Dorsey, 1992) and is overlain by 4-7 km of marine
flysch of the Fanshuliao and Paliwan formations (Chen, 2009; Lai, Ng, et al., 2018; Lai &
Teng, 2016; Teng, 1987). Due to the difficulty of defining the contact between the Lichi
Me¢lange and flysch units, we classify the products of sedimentary processes (i.e.,
lithofacies) independent of any existing lithostratigraphic classification scheme (Table 1,
see details in Section 4). The Lichi Mélange in this study is defined narrowly as rocks
(facies X3, olistostrome) characterized by poorly developed stratification that is broadly
parallel to regional bedding (equivalent to the “colour bands” in Page and Suppe (1981))
and pervasively “sheared” matrix with extra-formational blocks (i.e., scaly block-in-
matrix fabric). Chaotic sedimentary rocks without internal shear fabric or foliation that
record soft-sediment deformation and sediment gravity flows (i.e., pebbly mudstones
(facies X1), slump beds (facies X2), and other coherent strata (facies F1-F4, Vo)) are
included in the Fanshuliao and Paliwan formations. For outsized (>10 m to a few km
diameter) fractured blocks regardless of lithology that appear in all sedimentary units, we
apply the neutral term “olistolith” (facies X4).

The term “exotic block™ is reserved for blocks with lithologies whose source is
not present in the surrounding sedimentary units (e.g., andesite, volcaniclastic sandstone
and conglomerate, limestone), and which are different from any lithology found in
country rocks of the Coastal Range (e.g., well-lithified quartz-rich sandstone without
orogen-derived lithic fragments, ophiolitic rocks (gabbro, serpentinite, granodiorite, etc.),

metasandstone) (Liou et al., 1977; Page & Suppe, 1981), in contrast to some blocks
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Table 1. Lithofacies of sedimentary rocks in the southern Coastal Range. See photos in

Figures 5 and 6.

Facies Name  Summary Description g;t)ecrgsr:;esd %ﬁﬁ hgzgrilcgf
Dark gray to black mudstone (clay-silt mixture)
with rare very thin beds of siltstone to fine-grained .
Fl: sst. Internally structureless to weakly laminated, Suspensmn Fsl, a
Mudstone commonly includes slump zones ~ 0.5 to 5 m settling Plw
thick. Clay is orogen-derived.
Sandstone and mudstone in laterally continuous
beds. Sst beds ~ 0.01 to 0.5 m thick, normally Low-density
F2: o graded with Bouma sequence, variable sand:mud turbidity Fsl, a
Turbidites ratio. Sandstone composition dominantly orogen- current Plw
derived lithic fragments.
Normally graded massive to laminated sandstone
F3: beds ~ 0.5 to 5 m thick. Grapule conglomerate
Thick-bedded (g'rlt) and pebbly sandstone in lqwer parts of ngh_quSIty Fsl,
sandstone and thicker beds. Large flame and dish structures turbidity Pl o
. common near base. Sandstone and clast current
gritstone composition dominated by orogen-derived lithic
fragments.
Clast-supported conglomerate with pebble to
boulder sized clasts, indistinct normal or inverse to
normal grading near base. Beds ~1 to 5 m thick. Non-cohesive
F4: Bases of beds are planar to channelized. Clasts debris flow Fsl, o
Conglomerate primarily well-rounded low-grade metasandstone  (grain flow) Plw
and subangular to rounded andesite with trace
amounts of mafic rocks (e.g., basalt, gabbro).
Matrix-supported, structureless pebbly mudstone
in ~ 0.2 to > 300 m thick beds. Bimodal grain-size
(mud and gravel), minor sand. Pebbleto boulder-
XI: size clasts are angular to subangular andesite & Cohesive
Pebbly limestone, and subrounded to well-rounded debris flow or Fsl, o?
mudstone metasandstone and mafic to ultramafic volcanic slurry flow Plw
rocks, unoriented to locally imbricated. Clast-rich
and clast-poor zones alternate within single beds.
Large flame structures common at base of beds.
Ductilely deformed, convoluted and distorted
sedimentary intervals ~ 0.3 to 120 m thick. Local
fragmented and dismembered sandstone present in
locally sheared matrix (i.e., broken formation) Submarine
with common structures like pinch-and-swell, slope failure,
X2 ductile to quasi-brittle boudinage, and extensional slides, and Fsl
Sluﬁlp bed fractures. Poorly-to-well developed S-C fabrics slumps, with Plv:/ o, B,y
and scaly foliation observed in less competent sedimentary
fine-grained layers. Protolith is mainly turbidites (gravitational)
(F2) with abundant soft-sediment deformation shearing

such as micro-faulting and asymmetrically
inclined recumbent folds with open to s-shaped
fold profile.
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Table 1 continued.

Facies Summary Description Interpreted ~ Strat. Mélange
Name Processes Unit  Fabrict
Laterally extensive zones of chaotic, matrix-
supported, unsorted to weakly bedded sedimentary
mélange ~ 30 to >500 m thick. Dismembered
sedimentary rocks (similar to facies F2) with extra-
formational clasts in pervasively deformed fine-
grained matrix. S-C fabrics, scaly foliation, and
mildly developed slickensides commonly occur in  Blocky flow
~1 to 10 meters thick (wide) sheared horizons near and
the basal contacts, with common structures like cohesive
pinch-and-swell, ductile to quasi-brittle boudinage, debris flow
X3: and extensional fractures. Tabular to elongated clasts  with
Olistostrome are aligned parallel to the scaly fabric. Bimodal sedimentary Le 5
grain-size (mud and gravel), minor sand. Matrix brecciation,
dominantly gray to moss green clays (“color bands”).  shearing,
Larger clasts display variable rounding. Locally and rock-
brecciated matrix close to basal shear horizons and  mixing
cross-cutting faults. Diverse clast compositions:
andesite, volcaniclastic sandstone and conglomerate,
well-lithified quartz-rich sandstone without orogen-
derived lithic fragments, ophiolitic rocks (gabbro,
serpentinite,  granodiorite,  etc.),  limestone,
metasandstone.
Decimeter- to km-scale single allochthonous block
in slumped mudstone. Compositions include
andesite, volcaniclastic sandstone and conglomerate, .
X4: ophiolitic rocks (gabbro, serpentinite, granodiorite, Subma'rlne Fsl,
Olistolith etc.), limestone, and quartz-rich sandstone to low- rock slide or  Plw, o?, 87
grade metasandstone. Blocks commonly contain avalanche Le
internal brittle shears and fractures with local diapiric
mudstone intrusions.
White normally graded, planar to ripple-laminated
tuffaceous sandstone, with Bouma sequence, in beds
] ~0.01 to 7 m thick. Grain size is silt to very-coarse Syn-
Vo: . . .
sand with rare small pebbles near base. Grains are  eruptive Fsl,
Tuff'ac;eouS mostly fresh felspar with locally abundant dark turbidity Plw «
turbidites minerals (biotite, pyroxene, hornblende) and current

volcanic lithic fragments. Minor glass shards at tops
of some beds.

+: We apply the 4-degree (0-90) classification of stratal disruption (Raymond, 1984), also used in previous studies
of the Lichi Mélange (e.g., Chang et al., 2000; Chang et al., 2001). Facies abbreviations: F = flysch; X = mélange;
Vo = volcanic origin; sst = sandstone. Stratigraphic units: Fsl = Fanshuliao Formation; Plw = Paliwan Formation;
Lc = Lichi Mélange.
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originated from nearby intraformational sources such as turbidite facies F2 (so called
“native blocks”).

It should be noted that the definition of Lichi Mélange as a lithostratigraphic unit
in this study is used in a manner of convenience for assessing the geologic map pattern
and observed contact relationships, thus serving as the basis for additional analyses,
which is different from the classic usage of the lithological term “mélange.” Some
chaotic facies in the Fanshuliao and Paliwan formations such as pebbly mudstone (X1)
and part of slump bed (X2) can be also considered as “sedimentary mélange
(olistostrome)” as conventionally defined (Ogata, Festa, Pini, Pogacnik, et al., 2019) or
“small-scale mélanges and broken formations” if they are not mappable at 1:25,000 or

smaller scale (e.g., Codegone et al., 2012).

3. Methods

Detailed geological mapping for this study targeted the Lichi Mélange and
associated deposits exposed in road cuts and riverbanks of the southern Coastal Range
(Figure 4). Lithostratigraphic descriptions were executed in selected river sections along
three geological transects: (1) Powhua-Shinchang; (2) Luye-Tulan; and (3)
FuliChengkung transects (Figures S1-S14). Among these sections, we compiled existing
data for microfossil biostratigraphy and magnetostratigraphy from previous studies
(Barrier & Muller, 1984; Chang, 1967, 1969; Chen, Huang, et al., 2015; Chen, Huang, et
al., 2017; Chen, 1988b; Horng & Shea, 1996; Huang & Yuan, 1994) and manually
georeferenced their sample localities on maps in order to project them to our measured
sections (Figures S3—S9). We also include digitized unpublished calcareous
nannoplankton fossil data from Chi et al. (1981) in our analysis (Figure 3 and Table S3).
We also collected fresh mud rock samples for new microfossil analysis in the Lichi
M¢lange matrix and surrounding sedimentary units from all studied river sections
(Figures S3—-S9), with a focus on calcareous nannoplankton data that were relatively
limited in previous studies and three additional samples for planktonic foraminifera
identifications (the Yungfong (YF) section) (Tables S3-S4). Additional paleomagnetic
drill core samples were collected from strata in coherent continuous sections (Fanshuliao

and Paliwan formations), and processed through stepwise thermal demagnetization,
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alternating-field demagnetization, or a combination of both methods to obtain reliable
measurements of primary remanent component of the paleomagnetic declination and
inclination at each site (Figure S17). A “double-tilt correction” was later applied to
progressively remove tilting by regional fold plunge and then bedding tilt (Fisher, 1953;
Ramsay, 1961) (Table S5). After compiling these magneto-biostratigraphy datasets, we
interpreted the depositional ages based primarily on paleomagnetic polarity reversals and
the first appearance datum (FAD) for index fossils due to potential fossil reworking
(Chen, 1988b, 2009; Chi et al., 1981), whose ages follow recent compilations for the
Indo-Pacific region (Anthonissen & Ogg, 2012; Backman et al., 2012; Chuang et al.,
2018; Ogg, 2012) (Figure 3).

To understand paleo-basin geometry and facies architecture, we constructed three
stratigraphic panels by correlating stratigraphic sections along W-E transects (Powhua-
Shinchang, Luye-Tulan, Fuli-Chengkung) and hanging the youngest widespread
chronostratigraphic horizons, or datums, such as the first appearance datum (FAD) of
microfossils, paleomagnetic reversals, and event marker beds like pebbly mudstone (X1)
and tuffaceous turbidites (Vo). The approximate unfolded horizontal distance was
calculated using standard geometrical methods (e.g., Ragan, 2009) and mean bedding dip
along the transects (Figure 4).

To reconstruct sediment routing pathways and sediment sources, we measured
sedimentary structures for paleocurrent (e.g., flute casts, ripple cross-lamination,
imbricated gravel clasts) and paleoslope (e.g., axial planes of asymmetric slump folds)
directions in each studied section and the Loho and Changpin areas, including data for
tuffaceous turbidites (Lai, Ng, et al., 2018). All directional data were restored to paleo-
horizontal using a “double-tilt correction.” More comprehensive descriptions of our

methodologies are included in the supplementary materials.

4. Lithofacies and facies associations

Nine lithofacies are identified in Plio-Pleistocene sedimentary rocks of the
southern Coastal Range based on their distinctive characteristics and corresponding
interpreted sedimentary processes (Table 1). We employ the classification scheme of

Raymond (1984), in which categories a to  are used to indicate degree of stratal
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disruption. This scheme was widely applied in previous studies of the Lichi Mélange
(e.g., Chang et al., 2001; Chen, Huang, et al., 2017). Lithofacies are then grouped into
three facies associations according to their stratigraphic context, sedimentological
affiliations, and contact relationships, and these are used to interpret depositional
processes, paleoenvironments, and other rock-forming mechanisms (Table 2).

Facies Association 1 (FA1) consists of submarine flysch deposits spanning a wide
range of grain size and sedimentary features comprising most of the Fanshuliao and
Paliwan formations. The major facies in this group are mudstone (facies F1), turbidites
(F2), thick-bedded sandstone and gritstone (F3), and conglomerate (F4) (Figure 5A, B,
C). Finer-grained facies in this association are the depositional products of cohesionless
sediment gravity flows including sand-rich low- to high-density turbidity currents and
gravel-rich grain flows (Table 1). Clasts in this facies association are primarily composed
of orogen-derived lithic fragments (e.g., slate, low-grade metasandstone), followed by
minor andesite and mafic rocks (e.g., basalt, gabbro). They are interpreted as the deposits
of proximal to outer submarine fans with supra-fan lobes and channels that formed on a
deep basin plain (Chen, 1988a; Dorsey & Lundberg, 1988). The deep-sea fan deposits
likely were derived from submarine canyons that funneled sediment downslope from
onshore river sources (Stow & Mayall, 2000).

Facies Association 2 (FA2) includes sedimentary deposits that display a wide
range of chaotic textures and internal structures formed by stratal disruption, slumping,
sliding, and/or rock-mixing (Table 2). Extraformational clasts (pebble size and larger) in
these facies include meta-sandstone, slate, volcanic andesite, volcaniclastic rocks,
ophiolitic rocks (gabbro, serpentinite, granodiorite), limestone, and well-sorted quartz-
rich sandstone (Chen et al., 2008; Lai, Ng, et al., 2018; Liou et al., 1977; Page & Suppe,
1981). Pebbly mudstone (X1) and slump beds (X2) represent plastically deformed and
disrupted sediments in the Fanshuliao and Paliwan formations (Figure SE, F). These
facies locally include outsized, decimeter- to kilometer-scale olistoliths (X4) (Figure 6A,
B) that commonly display small-scale internal brittle fractures and local diapiric
mudstone intrusions (Figure 6C) indicating rapid emplacement in unconsolidated
sediment that created local fluid overpressure (Ogata, Festa, Pini, & Alonso, 2019).

Olistoliths are composed of various extraformational lithologies such as andesite,
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Table 2. Facies associations of sedimentary rocks in the southern Coastal Range.

FaCICS. . Occurrence and Lithofacies Contacts Depositional Setting RO(.:IE

Association Unit'
Submarine flysch facies F1 to F4 (Figure 5SA-C). F1 =

FAL: distal basin plain and slope. Base of beds in all facies Proximal to distal

Cohesionless  are typically sharp (erosive). Facies F3 and F4 locally submarine fan with Fsl,

sediment display channelized bases with ~ 2 to 230 m deep and  supra-fan channels, Plw

gravity flows  10’s to 100’s m wide erosional channels incised into ~and distal basin plain.
facies F1 and F2.

Interbedding, soft-sediment deformation, and lateral
transitions among pebbly mudstone (X1), slump bed
(X2), and/or olistostrome (X3) (Figures SE-F, 6D-E),
with randomly distributed lithic blocks (X4) (Figure
6A-C).

Observed Basal Contact Styles: Muddy sediment-rich,

(1) Base Qf facies X1, X3., and .X4, where resting on mass-transport
FAl, is sharp and erosive (Figure 8A, 8G), locally complex derived from
with sheared horizons (Figure 8F-G). Facies X3 steep slope and
locally onlap or downlap onto incised channel deposited at base of

margins (Figure 8E). slope to proximal
(2) Base of facies X1 and X3 transitional from X2 basin floor. Local
FA2: (Figure SE). brittle and plastic
Submarine : s : deformation zones Le,
mass wastin (3) Base of facies X1 transitional from thick-bedded ; Fsl,
ng sandstone and gritstone (F3). re'cord shearing on Plw
and cohesive o . . . discrete basal surfaces
debris flows  (4) Diapiric intrusions of mixed underlying strata at the of large mass
margins of X4 (Figure 6A-C). movements. Variable
Observed Upper Contact Styles: dpgrees O.f sediment
i liquefication and
(1) Upper contact of facies X1, X2, X3, and X4 where |,brication that
overlain by facies association FAI is sharp (Figure fycilitated mass
8B-D). transport.
(2) Upper and lateral margins of facies X4 commonly
surrounded by facies X1, X2, and X3 (Figures 6A-
E, 10A-B).
(3) Upper contact of facies X1 gradually transitional to
thick-bedded sandstone and gritstone (F3).
(4) Upper contact of facies X3 transitional to X2.
FA3: Fresh tuffaceous sandstone beds (Vo) with sharp
Volc‘aniclas tic erosive bases. Primarily interbedded with turbidites Distal syn-eruptive Fsl,
deposition (F2), uncommonly preserved where facies other than turbidity currents. Plw

F2 are dominant (Figure 5D).

+: Abbreviations of stratigraphic units follow Table 1.
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volcaniclastic sandstone and conglomerate, ophiolitic rocks (gabbro, serpentinite,
granodiorite, etc.), limestone, and quartz-rich sandstone (Figures 6A-E, S15-S16).
Olistostrome facies (X3) are characterized by very thick massive beds of disturbed
mudstone with indistinct bedding and relatively weak shear fabrics (Figure 6D, E).
Intensive rock dismemberment including characteristic boudinage structures occurs
locally within the basal zone of slump beds facies (X2) (Figure 6F), fitting the definition
of “broken formation.” Well-developed scaly foliations with connective tightly spaced
slickensides, schistosity-cisaillement (S-C) fabrics, and reoriented clasts with extensional
structures commonly occur along sheared horizons near the base of the olistostrome (X3)
(Figures 6G, S15C). These basal deformation features in chaotic sedimentary rocks may
be the result of gravitational-related shearing during mass movements (Ogata et al., 2014;
Tripsanas et al., 2008). Detailed field observations reveal depositional successions of
chaotic facies (FA2) interpreted as products of submarine mass wasting and flow
transformations from slides and slumps to cohesive debris flows that initiated on mud-
rich unstable submarine slopes and accumulated at base-of-slope to proximal basin plain
environments (Festa et al., 2016; Ogata et al., 2012) (Table 2).

Lastly, FA3 consists of tuffaceous turbidites (Vo) (Figure 5D) that represent distal
syn-eruptive volcaniclastic deposits associated with syn-collision volcanism of the Luzon
Arc (Lai, Ng, et al., 2018; Yang et al., 1995).

This classification scheme permits interpretation of processes using a modern
evidence-based approach that provides an unambiguous basis for defining
lithostratigraphic units (Tables 1, 2). The Lichi Mélange in this scheme is restricted to
facies that display pervasive shear fabrics: olistostrome (X3) (Figure 6D, E). In contrast,
coherent facies (F1-F4), and mixed facies produced by sediment gravity flows and
slumping (X1, X2) are assigned to the Fanshuliao and Paliwan formations (Figure 5).
Olistoliths (X4) are included in the lithostratigraphic unit of its surrounding facies (Figure

6A, B, C).
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Figure 5. Lithofacies photos — I: products of sediment gravity flows. (A) Conglomerate (F4)
in Mukeng river — C (MKCc) section. Notes the bedding is overturned; (B) Thick-bedded
sandstone and gritstone (F3) in MKCc section, associated with conglomerate (F4) and turbidite
(F2); (C) Turbidite (F2) and interbedded mudstone (F1) in Mukeng river — B (MKCDb) section;
(D) Tuffaceous turbidite Tp12 (Vo), interbeds with orogen-derived turbidites (F2) in Madagida
river (MDJ) section; (E) Slump bed (X2) associated with pebbly mudstone Pm1 (X1) and
turbidites (F2) in MKCc section; (F) Pebbly mudstone Pm3 (X1) in MDIJ section.
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Figure 6. Lithofacies photos — I1: products of mass wasting. (A) Volcaniclastic (andesitic)
sandstone olistoliths (X4) embedded in slump bed (X2) with soft-sediment deformation at
Yungfong (YF) section; (B) Sandstone olistoliths (X4) with soft-sediment deformation in
olistostrome (X3) at Mukeng river — A (MKCa) section; (C) Volcaniclastic (andesitic) sandstone
olistoliths (X4) with muddy injectites (inset) in Bieh river — A (BCa) section, associated with
pebbly mudstone Pm2 (X1) and slump bed (X2). Note internal faults truncated at the margins of
the block; (D) olistostrome (X3) in Juchiang river (JCC) section with south-dipping
stratifications; (E) olistostrome (X3) in Moon World (MW) section with east-dipping
stratifications; (F) Sedimentary boudinages in slump bed (X2) at Mukeng river — C (MKCc)
section (i.e., broken formation); (G) Scaly foliation and sigmoidal-shaped blocks formed by non-
coaxial shear and extensional fracturing (block-in-matrix fabrics) in a sheared horizon near a
basal contact of olistostrome (X3) facies at MKCc section.
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5. Contact and map relationships

In our field survey, we identified the fault zone rocks (i.e., uncompacted
cataclasite, fragmented mudstone with pencil cleavage, and fault gouge) of the
Tuluanshan fault (Figure 7), which cuts all lithological units including Lichi Mélange in
the southern Coastal Range (Figures 4, S1-S2). These fault zone rocks display brittle
shear fabrics with well-polished slickensides that overprint primary sedimentary fabrics
and structures of rocks on both sides of the main fault. This observation confirms that
brittle shear fabrics are not diagnostic for differentiating chaotic rocks generated by
different mechanisms (cf. Chang et al., 2000; Chen, 1997b), and the “structurally ordered
block-in-matrix fabrics” subject to tectonic overprints are restricted to narrow fault-
damage zones.

In contrast to identified brittle fault contacts, most contacts between Lichi
Me¢lange and other sedimentary units are depositional. Eight of the best exposed
depositional contacts are documented in Figure 8, including the classic outcrops reported
by Page and Suppe (1981) (their Locality J) (Figure 8 A) and Li (1984) (their site L12)
(Figure 8C). According to stratigraphic younging direction indicated by sharp bases and
normally graded Bouma sequences in turbidites (facies F2), the Lichi Mélange is both
underlain and overlain by deposits of the Fanshuliao and Paliwan formations, in
exposures that reveal clear interbedding relationships. Depositional contacts in Chungye
river — A (CYCa) and Yungfong (YF) sections exhibit gradational transitions from
deposits of non-cohesive sediment gravity flows (facies association FA1) to submarine
mass-wasting products (FA2), thus displaying clear conformable lithological transitions
that reflect straightforward depositional contact relationships (Figures 10, S15-S16).

The degree of shearing at depositional contacts varies from none (e.g., Figure 8A,
B, D, H) to high (e.g., Figure 8F). None of the sheared contacts coincides with post-
diagenetic brittle fault gauge, cataclasite, or pencil cleavage, making them easily
distinguished from brittle fault zones of the Tuluanshan fault (Figure 7) and Wushinshih
fault (Lai & Teng, 2016). There is no evidence of shearing at the depositional contacts
between Lichi Mélange and Fanshuliao Formation near the headwaters of Mukeng river
(MKC) section (Figures 4, 8C, D, S2), which previous workers speculated is the southern
extent of the Tuluanshan fault (cf. Chang et al., 2000; Chen, 1997b; Huang et al., 2018).
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Similarly, the well exposed depositional contact at Chunchie river (CC), Chiaolai river
(CLC), and Juchiang river (JCC) sections around Fukang area (Lin et al., 2008; Page &
Suppe, 1981) clearly refute a previously hypothesized east-vergent thrust at that locality
(cf. Chang et al., 2001; Chen, Huang, et al., 2017; Huang et al., 2018) (Figure 8A).

Some studies map a “Yungfong fault” at the contact between Lichi Mélange and
Fanshuliao Formation in the Yungfong (YF) section (Figures 4, S2), with variously
proposed vergence directions (west-vergent or east-vergent) (Chang et al., 2000; Chen,
1997b; Lo et al., 1993). Soft-sediment extension features (boudinage) are commonly
observed in the Lichi Mélange (i.e., olistostrome (X3)). Scaly foliation near the basal
sheared contact has an attitude identical to regional bedding dipping toward west (Figure
8G), and it correlates laterally to another exposure 0.6 km to the north where an
unambiguous depositional contact is reported (Barrier & Muller, 1984; Hsu, 1956)
(Figures 8H, S16). The sense of shear measured along this localized sheared horizon
seems to be consistent with the orientation of regional tectonic stress field (Chang et al.,
2000; Chen, 1997b), but is also consistent with reconstructed paleoslope directions after
bedding corrections, suggesting an alternative explanation of gravity-driven sliding and
basal shear (see Section 7.1). These relations suggest that localized shear fabrics near the
southern contact represent localized shears produced by mass movement at the base of
thick olistostrome beds. The YF section appears to be a continuous succession, an
interpretation supported by internal consistency among index microfossils (see Section
6.1).

Based on careful assessment of contact relationships, our geological map reveals
common pinch-out of the Lichi Mélange with lateral and vertical facies transitions to
pebbly mudstone beds (X1) of the Fanshuliao and Paliwan formations (Figures 4, S1—
S2), thus confirming their interbedding relationship. The Lichi Mélange is primarily
preserved in the western part of the Coastal Range, except in the Fukang area where thick
Lichi Mélange extends to the east and southeast where it is exposed along the modern
coastline (Figure 4). The internal stratification and shear fabrics of the Lichi Mélange
broadly coincide with regional bedding trends (Page & Suppe, 1981). We also observe
random fabric orientation, particularly around Fukang area, and locally preserved onlap

onto channel margins (Figure 8E), revealing a map pattern typical of large-scale
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sedimentary mélange (Festa et al., 2019). Lichi Mélange and other units in this area were
reworked together by post-depositional tectonic deformation (cross-cutting thrust faults
and folds) (Figures 4, 7), and therefore the Lichi Mélange can be considered as a

“polygenetic mélange.”

S,

S

damagezoness

Figure 7. Field photos for Tulaunshan fault damage zone and core (uncompacted cataclasite
and/or gouge zone). (A) Tuluanshan fault cataclasite in Chungye river (CYC) section; (B) Gouge
zone (bounded by red dash lines) of the Tuluanshan fault along Road no.192; (C) Tuluanshan
fault zone in at the base of Mukeng river — B (MKCb) section. The inset shows exposed fault
gouge. Pencil cleavage exists in footwall damage zone; (D) Tuluanshan fault zone along
Mukengnan river, equivalent to site #19 in Chang et al. (2000). See locations in Figure 4. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Figure 8. Field photos for depositional contacts (white dash lines) between Lichi Mélange &
other units. (A) Chiaolai river (CLC) section, same place as ‘Locality J' in Page and Suppe
(1981); (B) Mukeng river — C (MKCc) section. Notes the bedding is overturned; (C) Mukeng
river — B (MKCDb) section; (D) Mukengnan river section upstream; (E) MK Ca section
downstream. The stratifications (black dash lines) of olistostrome (X3) appears to onlap on an
erosive contact (white dash lines) locally truncating on lower Fanshuliao formation; (F) Chungye
river — A (CYCa) section; (G-H) southern and northern contacts of Yungfong (YF) section
respectively, which was previously inferred to the “Yungfong fault” (Chang et al., 2000; Chen,
1997b). See locations in Figure 4.
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Abbreviations of Calcareous Nannoplankton:
P.l. = Pseudoemiliania lacunosa (FAD 3.82 Ma)

G.0. = Gephyrocapsa oceanica (FAD 1.70 Ma)
large-G. = Large Gephyrocapsa spp. (FAD 1.57 Ma)
S.a. = Sphenolithus abies (LAD 3.65 Ma)

D.b. = Discoaster brouweri (LAD 2.06 Ma)

C.m. = Calcidiscus macintyrei (LAD 1.60 Ma)

atio
Sand Gravel

Abbreviations of Planktonic Foraminifera:
Gr.tu. = Globorotalia tumida (FAD 5.57 Ma)
S.de. = Sphaeroidinella dehiscens (FAD 5.53 Ma)
Gr.cr. = Globorotalia crassaformis (FAD 4.31 Ma)
Gr.to. = Globorotalia tosaensis (FAD 3.35 Ma)
Gr.tr. = Globorotalia truncatulinoides (FAD 2.00 Ma)
Pu. = Pulleniatina spp. (d = dextral; s = sinistral)
D.al. = Dentoglobigerina altispira (LAD 3.05 Ma)

Figure 9. Type sections for Fanshuliao and Paliwan formations in the southern Coastal
Range. (A) Madagida river (MDJ) section; (B) Bieh river — A (BCa) section. Black arrow heads

on the left mark the stratigraphic heights of magneto-biostratigraphic constraints. See detail
sample numbers in Figures S1, S5, S8, S11 and data in Tables S3, S5.
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Figure 10. Selective sections showing stratigraphic columns and lithofacies changes in the depositional transitions between Lichi Mélange
and other sedimentary units. (A) Yungfong (YF) section and measured depositional contact zone; (B) Chungye river A (CYCa) section and
measured depositional contact zone; (C) synthesis of the Chunchie river (CC) and Chiaolai river (CLC) sections. Lithological legends and
abbreviation of magneto-biostratigraphy follow Figure 9. Yellow circles mark the depositional contact zones shown in Figure 8. Black arrow
heads on the left mark the stratigraphic heights where magneto-biostratigraphic constraints exist. See details of sample numbers, microfossils data,
and measured contact zone photos in Figures S12, S13, S15, S16, and Tables S3, S4. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Figure 11. Polarizing micrographs of index calcareous nannofossils, recovered from
Paliwan Formation, and overlying Lichi Mélange, with scale bars of 5 pm. Photo numbers 1
and 5 are Pseudoemiliania lacunosa. Numbers 2 and 6 are Gephyrocapsa oceanica. Numbers 3
and 4 are large Gephyrocapsa sp. Numbers 7 and 8 are medium and large forms of
Reticulofenestra pseudoumbilicus respectively. Number 9 is Sphenolithus abies. Number 10 is
Discoaster druggii (7). Number 11 is Discoaster quinqueramus. Number 12 is Discoaster
surculus. Number 13 is Discoaster brouweri. Number 14 is Discoaster variabilis. See sample
locations in Figures S5, S7 and Table S3.
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6. Basin-fill stratigraphy of the southern Coastal Range
6.1. Age of sedimentary units and unconformities in the southern Coastal Range

The sedimentary fill of the southern Coastal Range basin is dominated by Plio-
Pleistocene deep-marine orogen-derived deposits that formed by gravity-driven processes
(Lichi Mélange, Fanshuliao and Paliwan formations). These deposits overlie a regional
unconformity on top of Miocene Shihmen Volcanic Breccia and older Shihtiping Tuff of
the Tuluanshan Formation (Figure 3).

Our compilation of age data shows that the same group of youngest index
microfossils are present in the matrix of Lichi Mélange and interbedded Fanshuliao and
Paliwan formations (Figures 9, 10, S3—S14). Microfossils whose last-appearance ages are
older than the first appearance datum (FAD) of younger ones repeatedly appear in both
Lichi Mélange and interbedded units, indicating persistent fossil reworking that limits the
reliability of the Last Appearance Datum (LAD) for interpretations of depositional age.
Planktonic foraminifera Globorotalia crassaformis (FAD 4.31 Ma), Globorotalia
tosaensis (FAD 3.35 Ma) and calcareous nannoplankton Pseudoemiliania lacunosa (FAD
3.82 Ma) are present in the oldest strata which are exposed in the west, including Mukeng
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river (MKC), Chungye river (CYC), and Yungfong (YF) sections (Chang, 1967; Barrier
and Muller, 1984; Chen et al., 2017b) (Figures 10, S3—S7, S11-S13). At the southeast
end of the Coastal Range (Fukang area) (Figures 4, S1), calcareous nannoplankton P.
lacunosa (FAD 3.82 Ma) and trace Gephyrocapsa oceanica (FAD 1.70 Ma) are present
in the Lichi Mélange matrix in the Chunchie (CC), Chiaolai river (CLC), and Moon
World (MW) sections (Chen, Huang, et al., 2017; Chi et al., 1981). Large Gephyrocapsa
spp. (FAD 1.57 Ma) appears near the top of the underlying Paliwan Formation (Figures
10C, 11, S5-S6, S12). Although older (Miocene) calcareous nannoplanktons
Reticulofenestra pseudoumbilicus (medium and large), Sphenolithus abies, and
Discoaster spp. are abundant in the matrix of the Lichi Mélange in this area, the clear
evidence for an unsheared depositional contact with stratigraphic superposition (Figure
8A) and common olistostromal features (Figure 6D) indicate that the Miocene fossils are
reworked from older sediments (Figure 11). Thus, the whole sedimentary sequence in the
southern Coastal Range was deposited between ca. 4 and 1 Ma, and the depositional age
of the Lichi Mélange is similar to that of interbedded Fanshuliao and Paliwan formations.
The Kangkou Limestone is only preserved at the base of the Sanshian river (SSS),
Shingang river (SGS), and Babian river (BBS) sections (Figures 4, S8, S9). In this area, it
contains planktonic foraminifera Gr. crassaformis (FAD 4.31 Ma) at the base and
abundant Gr. tosaensis (FAD 3.35 Ma) and Dentoglobigerina altispira (LAD 3.05 Ma)
near the top (Figure S14), suggestive of a depositional age range between 4.31 and 3.05
Ma (Huang & Yuan, 1994). Huang and Yuan (1994) interpreted that the top of the
Kangkou Limestone may be younger based on a single, uncertainly identified specimen
of Globorotalia truncatulinoides (FAD 2.00 Ma) (Sample #26 in their Table 4). This
tentative age assignment is not considered in our compilation because it could not be
verified. The Biehchi Epiclastic Unit is exposed at the base of the Bieh river (BC) section
and was deposited at ca. 4.2-3.8 Ma based on the presence of planktonic foraminifera Gr.
crassaformis (FAD 4.31 Ma) (Chang, 1969), calcareous nannoplankton P. lacunosa
(FAD 3.82 Ma) (Barrier & Muller, 1984), and the youngest peak U-Pb age (~4.2Ma) of
detrital zircon (Chen, Chung, et al., 2015). The age distribution of these two intermittent
units partially overlaps that of the Lichi Mélange and lower Fanshuliao Formation, and

appears to be a discontinuous record of the ~2 Myr transition from the youngest stages of
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arc volcanism to sedimentary basin formation during collisional orogenesis (Dorsey,

1992).

6.2. Type sections and marker beds of the Fanshuliao and Paliwan formations

The Madagida river (MDJ) and Bieh river — A (BCa) sections are widely accepted
as stratotypes for the Fanshuliao and Paliwan formations in the southern Coastal Range
(Chen, 2009; Huang et al., 2018) (Figure 9). Widespread layers of pebbly mudstone
(facies X1, named Pm1 to Pm7) and tuffaceous turbidites (facies Vo, named Tpl to Tp14
in the Paliwan Formation) provide useful marker beds that allow us to map and correlate
these deposits (Lai, Ng, et al., 2018; Lai & Teng, 2016). In this study, we discovered five
more tuffaceous turbidites (named Tf1 to Tf5) in the Fanshuliao Formation (Figure 3).
The Paliwan Formation in the MDJ section was previously dated between ca. 2.15 to 1.5
Ma (Horng & Shea, 1996). In this study we refine the age interpretation with revised
placement of the first occurrences of G. oceanica (FAD 1.70 Ma) and large
Gephyrocapsa spp. (FAD 1.57 Ma) in this section (Figure 9A). The proposed age of the
Fanshuliao Formation in the southern Coastal Range varies from ~4.94-3.35 Ma (Chen,
2009; Lee & Chi, 1990) to ~3.35-2.15 Ma (Horng & Shea, 1996; Lai & Teng, 2016).
Based on compilation of previous and new data with lithostratigraphic correlations, the
lower Fanshuliao Formation is reassigned here to the upper Gauss Chron, ranging in age
from the top of the Keana reverse polarity event (C2An.1r; 3.04 Ma) to the Gauss-
Matuyama boundary at 2.59 Ma. The upper Fanshuliao Formation corresponds to the
lower Matuyama Chron (C2r.2r, 2.59-2.14 Ma) (Figure 9B). This revised age
interpretation is supported by the presence of planktonic foraminifera Gr. tosaensis (FAD
3.35 Ma) near the bottom of the section (site 222 in Chang (1969)) (Figures S7, S13B).

Pebbly mudstone and tuffaceous turbidite marker beds have unique sedimentary
textures and clast compositions that permit regional correlation. These marker beds are
interpreted to record distinct geological events such as seismicity-triggered submarine
debris flows and volcanic eruptions (Chen et al., 2008; Lai, Ng, et al., 2018). This allows
us to tune their ages using our updated high-resolution magneto-biostratigraphy, and we
use the marker beds as age anchors for other sections based on detailed geologic mapping

and lithostratigraphic correlation. For example, pebbly mudstone beds Pm2, Pm3, and
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PmS5 were deposited near the Gauss-Matuyama boundary (2.59 Ma), the onset of
Pulleniatina spp. left coiling event 5 (2.15 Ma), and the top of the Olduvai normal
polarity event (C2n, 1.80 Ma), respectively. Tuffaceous turbidites Tp7-Tp14 formed
between the FAD of large Gephyrocapsa spp. (1.57 Ma) and onset of small
Gephyrocapsa spp. acme zone (1.23 Ma), consistent with ages determined by apatite
fission tracks (1.5 = 0.1 Ma) and U-Pb zircon dating (1.6 = 0.1 Ma) on equivalent beds
(Chen, Chung, et al., 2015; Yang et al., 1995). The tuffaceous turbidites Tp3-Tp4 and
pebbly mudstone Pm4 formed around the base of the Olduvai event (~1.95 Ma), and the
tuffaceous turbidites Tf1-Tf2 and pebbly mudstone Pm1 form near the base of C2An.In
event in Gauss Chron (~3.04 Ma).

6.3. Stratal architecture of the southern Coastal Range

Using correlations summarized above and restored distances between
stratigraphic sections, we constructed 2D west-east facies panels that reveal the original
paleo-basin geometry along three studied stratigraphic transects (Figures 12, 13). The
panels show that sedimentary strata of the Fanshuliao and Paliwan formations and Lichi
Me¢lange onlap onto a basin-wide basal unconformity on top of the Tuluanshan Formation
(arc volcanic basement). The basal unconformity has a restored gentle west dip (< 6-7°)
and defines an asymmetric basin low that corresponds to maximum stratigraphic
thicknesses near the orogenic front (Chen, 2009; Dorsey, 1992). All units of the
Fanshuliao Formation, and lower and middle parts of the Paliwan Formation, thin and
pinch out to the east due to eastward onlap onto the basal unconformity.

The reconstructed stratigraphic architecture of eastward thinning and onlap in
Plio-Pleistocene orogen-derived deposits of the southern Coastal Range is unlike the arc-
ward thickening stratal pattern that is typically observed in forearc basins (Noda, 2016,
2018). The observations of paleo-basin geometry and evidence for considerable basal
erosion are inconsistent with previous interpretations that the Coastal Range deposits
represent the sedimentary fill of an inherited, uneroded forearc basin (cf. Chang et al.,
2000; Teng et al., 1988). There is no evidence for a large local bathymetric low to
support a backarc basin interpretation (cf. Chen, 1988b; Chen, 1997a; Song & Lo, 2002)
or pull-apart intra-arc basin (cf. Chen, Huang, et al., 2015; Huang et al., 1995; Huang et
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al., 2006). Instead, the stratal pattern is best explained as the basin fill of a flexural

foredeep basin where deposits thicken toward the orogen that supplied sediment to the

basin (DeCelles & Giles, 1996; Sinclair, 2012). This interpretation is consistent with the

predictions of a syn-collisional retrowedge basin model proposed in other studies (e.g.,

Chen et al., 2019; Dorsey & Lundberg, 1988; Lundberg & Dorsey, 1988; Malavieille et

al., 2016) (See details in Section 8.2).
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Figure 12. Stratigraphic panels of southern Taiyuan area, with restored distances between
stratigraphic sections. (A) Powhua-Shinchang transect; (B) Luye-Tulan transect. Black and
white rectangles with red outlines along the Madagida river (MDJ) section show paleomagnetic
polarities. See locations of transects in Figure 4. See details of litho-bio-magnetostratigraphic
information in Figures S10-S12. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Figure 13. Stratigraphic panel of Fuli-Chengkung area, with restored distances between
stratigraphic sections. Black and white rectangles with red outlines show paleomagnetic
polarities of Bieh river — A (BCa), Duwei river (DWC), Shingang river (SGS), Babian river
(BBS), and Sanshian river (SSS) sections, with data projected from the Madagida river (MDJ)
section. See location of the transect in Figure 4. See details of litho-bio-magnetostratigraphic
information in Figures S12-S14. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

7. Paleoslope and paleocurrent data
7.1. Paleoslope orientations

Paleoslopes determined from vergence direction of asymmetric slump folds
(facies X2) show prevailing east to southeast slump directions in modern coordinates
(Figure 14A). Our results are consistent with previously published data in the Luye
region (Page & Suppe, 1981) that indicate a regional east to southeast-dipping paleoslope
in the southern Coastal Range. Structural and bedding-corrected striae measured at the
basal depositional contact of Lichi Mélange in YF section (site #5—6 in Figure 7 of Chang
et al. (2000)) (Figure 8G) and base of a thick exotic sandstone block in JCC section (site
#1-2 in Figure 8 of Chang et al. (2001)) (Figures S5, S12B) indicate shear directions
consistent with local paleoslope indicators, suggesting that they formed by the similar
mass-wasting processes (Figure 14A). After correcting for 30° £ 10° clockwise block

rotation based on paleomagnetic fabrics (Lee et al., 1990), our results imply a north-
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striking, east-dipping steep slope at the tectonically controlled western basin margin. This
slope was the site of common submarine mass wasting events that generated the Lichi
Me¢élange and associated submarine debris flows (Lundberg & Dorsey, 1988; Page &
Suppe, 1981). Minor westward paleoslope directions near the base of the BCa section are
interpreted to represent local structural complexities, and do not record a regional-scale
west-dipping slope on the western flank of a volcanic arc massif (cf. Chen, 1997a; Huang

et al., 1995; Song et al., 2002).

7.2. Paleocurrent directions

Paleocurrent directions exhibit temporal and spatial variations among different
lithofacies (Figure 14B). In orogen-derived turbidites and other cohesionless sediment
gravity flow facies (F2—F4), paleotransport is dominantly toward the south in modern
coordinates, with increasing indicators of southeastward transport in the southern region.
We observe an up-section increase of southeast transport directions in the younger
Paliwan Formation, which is mainly preserved in the eastern part of the basin. Pebbly
mudstone (facies X1) shows transport dominantly to the southeast (in modern
coordinates), consistent with paleoslope directions measured in slump beds (facies X2)
nearby (Figure 14A). In contrast, tuffaceous turbidites (facies Vo) have diverse
paleocurrent directions with a relatively stronger components of westward to
southwestward paleoflow directions (Figure 14 B).

After correcting for 30° &+ 10° clockwise block rotation in the Coastal Range rocks
(Lee et al., 1990), we use paleoslope and paleo transport indicators to interpret the
location of source areas and sediment-routing pathways for each facies association. The
main source of facies association FA1 (facies F2—F4), which formed in a submarine fan
system (Table 2), was located west of the basin (Chen, 1997a; Teng, 1982). The up-
section increase in east-directed paleocurrents implies increased input from the west,
which we interpret as a response to eastward migration and basinward advance of the
Taiwan collisional orogenic front. Consistent east- to southeast-directed directions of
paleocurrent in FA1 and paleoslope in pebbly mudstone (X1) and slump beds (X2) reveal
a north-trending, east-dipping submarine slope at the steep unstable western basin

margin. This shows that the eastern retrowedge of the Taiwan orogen was the main
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source of mass-transport deposits in facies association FA2. Syn-eruptive tuffaceous
turbidites (FA4) display spatially variable paleocurrent directions with a dominant mode
to the west and southwest (Figure 14B). These turbidites were derived from an active
volcanic source east of the basin, not the volcanic island of Lutao located southeast of the
modern Coastal Range (cf. Horng & Shea, 1996; Yang et al., 1995) (Figure 1). Our
interpretation of an eastern source is supported by a westward decrease in thickness of the

tuffaceous turbidites (Lai, Ng, et al., 2018).

8. Discussion
8.1. Paleogeography and depositional setting

Stratigraphic panels in the southern Coastal Range reveal an important pattern of
lateral facies change in which western sections contain abundant olistostromal facies
(association FA2), and age-equivalent sections in the east are dominated by flysch facies
(association FA1) (Figures 12, 13). Proximal facies including slump beds (X2),
olistostromes (X3), and olistoliths (X4) are more abundant in the west and pass laterally
into distal facies with pebbly mudstone beds (X1) in the east. This facies architecture
records downslope disintegration of mass flows during transformation from slides,
slumps, and blocky flows to cohesive debris flows to high-density turbidity currents
(Festa et al., 2016; Nemec, 1990; Ogata et al., 2012) (Figure 15B), consistent with
measured dominant eastward paleoslope directions (Figure 14A). These facies
associations formed by submarine slumping and deposition by sediment gravity flows in
deep-water slope to submarine fan and basin plain environments (Figure 15A). The
depositional setting was subject to frequent deliveries of orogen-derived sediment that
was routed into the basin by a combination of widespread slope failures and gravity-
driven transport funneled through submarine canyons (Stow & Mayall, 2000).

Minor syn-eruptive tuffaceous turbidites (facies Vo, association FA4) represent a
distal record of arc volcanism during ~4—1 Ma deposition of the orogen-derived
sedimentary sequence (Lai, Chu, et al., 2018; Song & Tang, 2019) (Figures 12, 13, 15A).
The tuffaceous turbidites were derived from volcanoes located east to northeast of the
basin (Lai, Ng, et al., 2018) (Figure 14B), and thus are distinct and different than the

magmatic events (>16—14 Ma and ~10—-6 Ma) recorded in the underlying Tuluanshan
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Formation below the basal unconformity (Figure 3). These results are consistent with the
presence of north-trending volcanic arc main body identified in the offshore directly east
of Taiwan based on well-defined magnetic (Hsieh et al., 2014; Shyu et al., 1996) and
gravity anomalies (Doo et al., 2018). We infer that the offshore volcanoes have
subsequently subsided below sea level and are now being deformed in an active offshore
imbricate thrust belt (Hsieh et al., 2020).

Based on facies interpretations above, we conclude that strata of the southern
Coastal Range accumulated in a syn-orogenic, syn-collisional marine foredeep basin
directly east of a steep orogenic front that formed the tectonically active western margin
of the basin (Figure 15). Active volcanoes east of the basin delivered distal tuffaceous
turbidites during this time (~4—1 Ma), suggesting the eruptive centers shifted to the east
during development of the basal unconformity and retro-foredeep system (see Section
8.2). The implied Plio-Pleistocene volcanoes are distinctly younger than the ~15-6 Ma
volcanic arc and forearc environments recorded in the underlying Tuluanshan Formation,

and may be related to a “double island arc” interpretation proposed by Yang et al. (1996).

8.2. Retro-foredeep basinal system in the Luzon forearc

Results of our geologic mapping and basin reconstruction reveal that the modern
topography of the Coastal Range is controlled by tightly folded and faulted rocks of a
marine foredeep basin that formed on the eastern retrowedge flank of the Taiwan orogen,
and later was deformed into the present configuration of regional thrust faults and related
anticlinal culminations (Figures 2B, 16A) (e.g., Chen et al., 2019; Dorsey, 1988;
Lundberg & Dorsey, 1988). This conclusion is a departure from previous interpretations
that high topographic ridges in the Coastal Range represent an inherited configuration of
relatively undeformed volcanic islands and surrounding forearc, intra-arc, and backarc
basins (Figures 2A, 16B) (e.g., Chen, 1988a; Huang et al., 1995; Teng et al., 1988).

Data presented above provide evidence for east-dipping paleoslopes and
olistostromal facies in the west, which pass laterally eastward into an eastward-thinning
marine flysch succession that onlaps onto a gently west-dipping regional unconformity
(Figures 12, 13). While the observed basin geometry differs from the filling style of

typical forearc basins (Noda, 2016, 2018), it is similar to the architecture of the modern
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North Luzon Trough as seen in offshore seismic reflection studies south of Taiwan (e.g.,
Chi et al., 2014; Hirtzel et al., 2009; Lundberg et al., 1997). This similarity suggests that
the eastward-onlapping pattern of Plio-Pleistocene orogen-derived deposits in the Coastal
Range may reflect inherited, pre-collisional forearc basin bathymetry. It is also not
certain that the east-dipping paleoslope at the west margin of the 4-1 Ma Coastal Range
basin was controlled by east-vergent thrusts, as proposed by previous workers (e.g.,
Lundberg & Dorsey, 1990; Page & Suppe, 1981; Suppe & Liou, 1979) and this study
(Figures 15A, 16), considering that the west margin of the modern North Luzon Trough
does not show consistent east-vergent thrust structures (Figure 1).

Despite these ambiguities, several observations suggest that the modern setting is
not an exact analog for the past. First, the entire Coastal Range basin subsided rapidly
below sea level until ~1 Ma, as indicated by the youngest depositional age of thick
marine deposits in the north-central Coastal Range (Huang et al., 2018; Lee, 1992). This
requires a major tectonic reorganization that abruptly ended subsidence and initiated
uplift, precluding gradual southward propagation of the collision (see also Hsu et al.
(2016); Lee et al. (2015)). Second, it appears the kinematic style at the east margin of the
Taiwan collisional orogen may have become more transpressional in the past ca. 1 Myr
during tectonic reorganization (see Section 8.4). Third, the traditional forearc basin model
cannot explain the observed sudden change in depositional age and benthic foraminiferal
assemblages at the basal contact of SSS, SGS, and BBS sections (Figures 13, S14A-B).
In these sections the basal erosional unconformity records an age gap of ~6—4 Myr and is
capped by the shallow marine Kangkou Limestone which is directly overlain by deep-
water flysch (facies F1 and F2) (Huang & Yuan, 1994). These stratigraphic relations
imply a dynamic history of vertical crustal motions comprising regional slow uplift and
erosion of forearc volcanic basement (Tuluanshan Formation), deposition of shallow-
water limestone on the eroded basement, then rapid subsidence to deep water during
initiation of the collisional basin (Dorsey, 1992). The vertical crustal motions have
previously been interpreted as a localized intra-arc pull-part mechanism (Huang et al.,
1995), but there is no field evidence for large-scale normal faults that postdate deposition
of the Kangkou Limestone and predate the Paliwan Formation in the Coastal Range

(Barrier & Angelier, 1986; Lin et al., 1999).
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Figure. 16. Synthetic comparison of the two end-member models interpreting the role, age,
and evolution of the Lichi Mélange. (A) Olistostromal origin model. Details are synthesized
from several publications (Chi et al., 2014; Dorsey & Lundberg, 1988; Malavieille et al., 2016;
Page & Suppe, 1981) and this study. MTD is mass-transport deposits (facies association FA2).
Coarseand fine-grained facies of cohesionless sediment gravity flows (facies association FA1) are
marked as c-SGF and f-SGF respectively. CRF is the Central Range Fault (Shyu et al., 2016).
LVF is the Longitudinal Valley fault. TLF is the Tuluanshan fault; (B) Tectonic origin model,
modified from Huang et al. (2018) which summarized various versions to date and proposed the
presence of chronostratigraphic sequence 1-3 (S1 to S3).

We therefore postulate that the asymmetric westward-deepening basin geometry
represents a deflection profile produced by lithospheric flexure in response to tectonic
loading in the Taiwan collisional orogen to the west (Figure 16A). This is consistent with
rapid sediment accumulation rates in the Coastal Range (> 1-7 mm yr—1) that record
rapid subsidence east of the growing Taiwan collisional orogen in response to rapid
thrust-loading in the orogenic thrust belt during deposition (Lundberg & Dorsey, 1988).
Within this framework, the basal unconformity between the Tuluanshan Formation and
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overlying orogen-derived sediments is interpreted as a result of regional uplift and
erosion on a broad flexural forebulge (Dorsey, 1992) (Figure 3). The Kangkou Limestone
and Biehchi Epiclastic Unit formed during development of the unconformity (~6—4 Ma),
and they represent local thin discontinuous deposits that accumulated intermittently on
the flexural forebulge. These relationships suggest rapid subsidence in response to an
eastward migrating wave of flexural depression that is a common aspect of foreland basin
evolution (DeCelles, 2012; DeCelles & Giles, 1996).

This hypothesis is consistent with the observed eastward progradation of coarse-
sediment facies including mass-wasting deposits (X1 and X3) and channelized gravelly
sediment gravity-flow deposits (F3 and F4), which are best explained as the result of
basinward migration of the depocenter in response to an eastward advancing submarine
slope at the retrowedge orogenic front, likely caused by a series of east-vergent thrusts
(Figures 15A, 16A). This pattern represents a marine analog to migrating coarse-
sediment facies that are commonly interpreted as a response to a migrating flexural wave
in terrestrial foreland basins (Dubille & Lavé, 2015; Heller et al., 1988; Sinclair, 2012).
Lithofacies of the Tuluanshan Formation beneath the basal unconformity (Figure 3) make
up a sequence of volcanic and volcaniclastic rocks that record underwater to subaerial
eruptions within and on the flanks of late Miocene (~15—6 Ma) subduction-related arc
volcanoes (Chen, 1997a; Lai & Song, 2013; Song & Lo, 2002). This suggests that the
Plio-Pleistocene retro-foredeep basin of the Coastal Range formed on top of older, deeply
subsided crust of an inactive Luzon Arc, similar to the modern retro-foredeep in the
North Luzon Trough offshore of southeastern Taiwan (Figure 1). In the modern southeast
offshore region, a unique collisional foredeep basin is forming where the forearc is
closing due to the transition from intra-oceanic subduction to a mature arc-continent

collision (e.g., Hirtzel et al., 2009; Lundberg et al., 1997).

8.3. Genesis and distribution of the Lichi Mélange

All published studies agree that the modern expression and distribution of the
Lichi M¢lange are influenced by tectonic shearing related to faults in the western Coastal
Range that have been active in the past ca. 1 Myr (e.g., Chang et al., 2000; Page &

Suppe, 1981). However, there is a considerable debate over the question of whether
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sedimentary processes (e.g., sliding and slumping) were involved in formation of this
mélange (Chen, 1997b; Huang et al., 2018; Teng, 1981). This study confirms the
ubiquitous presence of depositional contacts and interbedding between Lichi Mélange
and Plio-Pleistocene orogen-derived flysch facies of the Fanshuliao and Paliwan
formations (Figures 8, 10). Young (~4—1 Ma) microfossils coexist among these
sedimentary units in the southern Coastal Range (Figure 11), providing an important new
constraint on this question. Our data show that the Lichi Mélange was generated by
olistostromal and mass-wasting processes (Figure 15). We also observe evidence of
overprinting tectonic shear fabrics and fault-zone breccias produced by post-depositional,
cross-cutting, west-vergent thrust faults including the Tuluanshan fault (Figures 4, 7).
This late-stage structural disturbance is currently active along the strands of the
Longitudinal Valley fault (Angelier et al., 2000; Lee et al., 2006). The structural fabrics
related to young deformation are mainly restricted to brittle damage zones within and
adjacent to the faults, and they are volumetrically minor compared to widespread
sedimentary features and depositional contacts that are commonly observed in the Lichi
M¢élange (Barrier & Muller, 1984; Page & Suppe, 1981).

Based on evidence presented above, we propose a polygenetic model for
evolution of the Lichi Mélange in eastern Taiwan (Figure 16A). During the growth of
orogenic topography between ~6 and 1 Ma, eastward propagating thrust faults drove
basinward migration of a steep submarine slope at the advancing retrowedge front of the
collisional orogen (e.g., Malavieille et al., 2021) (Figure 16A-1, A-2). Thrustcontrolled
slope oversteepening resulted in slope failures, slides, and slumps that produced
olistostrome deposits at the western margin of a syn-orogenic marine foredeep basin
formed on older inactive arc and forearc crust (Figure 15A). During the advance of the
orogenic thrust front, older olistostromes and associated sediments may be reworked into
the frontal slope to produce new olistostromes, thus forming an “olistostromal carpet”
(see Festa et al. (2010) and references therein). Later, the olistostrome deposits were
overprinted by post-depositional tectonic fault zones associated with the Tuluanshan and
Longitudinal Valley faults (Figure 16A-3). The young, post-1 Ma stage of active
deformation and rapid uplift inverted the foredeep basin along west-vergent thrusts in the

Coastal Range (Lundberg & Dorsey, 1990), rapidly constructed steep rugged topography
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of the modern Coastal Range, and overprinted the Lichi Mélange to form a polygenetic
mélange.

Our interpretation for the Lichi Mélange contrasts with a popular model proposed
in prior studies, in which the Lichi Mélange solely formed by tectonic shearing of older
sedimentary rocks in an east-vergent then west-vergent mega-thrust zone as a result of
large-scale tectonic shortening in the forearc region (e.g., Chang et al., 2001; Chen,
1997b; Huang et al., 2018) (Figure 16B). New constraints on the age, contacts, map
relations, interbedding, and sedimentary facies associations (this study) contradict the
“tectonic-only” mélange model, and clearly require emplacement by submarine mass
wasting. Some workers suggest that preservation of the Lichi Mélange in the western belt
of the southern Coastal Range indicates that it formed as a tectonic mélange produced
entirely by fault zone deformation (Chen, 1991; Huang et al., 2018; Teng, 1981).
However, the affinity of mélange to fault zones only suggests the likelihood of structural
overprints, and does not provide evidence for its origin (Festa et al., 2019; Raymond,
2019; Wakabayashi, 2019). In fact, abundant olistostromal facies such as slump beds
(X2), pebbly mudstone (X1), and olistoliths (X4) are also reported close to mapped
patches of Lichi Mélange in the northern Coastal Range (e.g., Lundberg & Dorsey, 1988;
Song et al., 1994; Teng et al., 2002), suggesting that deposits associated with the
sedimentary mélange are common in the northern Coastal Range as well.

The extent to which tectonic deformation has been absorbed in the present form
of the Lichi M¢élange remains unclear. It is plausible that post-depositional structures
(both pre-1 Ma east-vergent thrusts and post-1 Ma west-vergent thrusts) influenced some
of the shear surfaces formed by preceding olistostromal processes (Figure 16A-2, A-3).
Further meso-scale and microscopic studies of shear fabrics in the mélange matrix are

needed to address this question.

8.4. Crustal shortening and tectonic recycling at the suture of an arc-continent collision
Because the Lichi Mélange formed primarily by sedimentary mass-wasting
processes, the belt of rocks mapped as this mélange should not be considered as a “mega-

thrust” zone that absorbs most of the crustal shortening associated with accretion of the

Luzon Arc (e.g., Chang et al., 2001; Chen, 1997b; Huang et al., 2008; Teng, 1987).
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Tectonic horizontal shortening within the Coastal Range is primarily taken up by
structures of the west-vergent fold-and-thrust belt that initiated ca. 1 Ma and postdate
deposition in the Coastal Range foredeep basin (Chi et al., 1981; Dorsey, 1992). In
addition, paired shortening on the oblique west-vergent Longitudinal Valley fault and
east-vergent thrust belt offshore of eastern Taiwan (e.g., Hsieh et al., 2020; Huang et al.,
2010) suggests that the Coastal Range is an active doubly-vergent transpressional wedge
within the active collisional suture between the Eurasian and Philippine Sea plates (e.g.,
Malavieille et al., 2016; Thomas et al., 2014) (Figure 16A). Similar doubly-vergent
wedge structures have been reported in the northern Coastal Range (e.g., Yen et al.,
2018), directly offshore to the east (e.g., Hsieh et al., 2020), and the Huatung Ridge in
southern offshore (e.g., Chi et al., 2014; Hirtzel et al., 2009; Huang et al., 2000) (Figure
1).

Our data confirm that exotic blocks in olistostromes of the Lichi Mélange, and
variably rounded clasts of associated debris flow deposits, contain a diverse set of
lithologies including arc-related andesite, andesitic volcaniclastic sandstone, limestone,
ophiolitic rocks (gabbro, serpentinite, granodiorite), low-grade metasandstones, slate
fragments, and Miocene quartz-rich sandstones that represent fragments of the Eurasian
and Philippine Sea plates. This observation, combined with widespread evidence for east-
and southeast-dipping paleoslopes, indicates that all of these rock types were exposed and
deformed in thrust sheets in the eastern retro-wedge of the Taiwan collisional orogen
(Figure 16A). We propose that many of these rock lithologies represent shallow-crustal
equivalents of high-P greenschist to blueschist grade metamorphic rocks in the Yuli Belt,
which occupies the easternmost belt of the metamorphic Central Range belt directly west
of the Coastal Range (Figures 1, 16A). The Yuli Belt was recently recognized as a
metamorphosed late-Miocene (~ 6-9 Ma) mélange (Chen, Chung, et al., 2017; Mesalles
et al., 2020) that contains Miocene mafic and ultramafic fragments of the South China
Sea as well as arc-affinity metavolcanic rocks (Jahn & Liou, 1977; Sun et al., 1998).
Unmetamorphosed equivalents of similar aged low-grade meta-sediments (i.e., Eastern
Slates) adjacent to the Yuli Belt (Figure 1), interpreted as a former forearc basin sequence
(Mesalles, 2014; Stanley et al., 1981), represent the likely source of exotic Miocene
sedimentary blocks in the Lichi Mélange (Chi et al., 1981). This idea is supported by the
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distinctive quartz-rich petrography of exotic sandstone blocks, which closely resembles
that of sedimentary rocks now exposed at the south end of the Eastern Slate belt on the
Hengchun peninsula (Sung, 1991).

These results suggest that volcanic arc and forearc crustal fragments of the
oceanic Philippine Sea plate were tectonically recycled into the eastern retrowedge of the
collisional orogen, likely by accretion and/or underplating within a subduction zone or
subduction channel complex. This took place during deposition of the Lichi Mélange,
prior to final closure of the retro-foredeep basin (Malavieille et al., 2016; Page & Suppe,
1981; Suppe & Liou, 1979). A modern analog may be seen in the Timor arc-continent
collision system, where a retro-foredeep basin is currently active in the Banda forearc
region and fragments of the Banda Arc crust have already been emplaced in the
Bobonaro M¢élange in the retrowedge sector of the active Timor collisional orogen (e.g.,
Harris et al., 1998; Tate et al., 2015). Another comparable example of tectonically
reworked olistostromes that formed in the retrowedge of a collisional orogen is well-
documented in the late Cretaceous — Eocene northern Apennine belt in Italy (e.g.,
Barbero et al., 2020; Malavieille et al., 2016).

During the past ca. 1 Myr, the Lichi Mélange and retro-foredeep strata of the
Coastal Range have been rapidly uplifted, imbricated, and incorporated along with
underlying volcanic arc crust into the leading edge of the modern collisional orogen
(Figure 16A). These rocks are now part of a new, rapidly uplifting emergent mountain
range (Coastal Range) that represents a potential source for a new generation of mélange
formation (either tectonic or sedimentary). This large-scale mechanism of arc crustal
shortening and tectonic recycling at the ocean-continent interface of a doubly-vergent
collisional orogen may be a general process in the formation of polygenetic mélange in
arc-continent collision systems, which play a critical role in the growth of continental

lithosphere through time (Clift et al., 2008; Draut & Clift, 2012).

9. Conclusions
Our multidisciplinary study confirms a sedimentary origin for the ca. 4-1 Ma
Lichi Mélange in the southern Coastal Range of eastern Taiwan. This unit formed by

submarine slope failures, slides, slumps, and debris flows that interfinger laterally with a
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coeval thick (ca. 4-7 km) succession of turbidite-dominated flysch deposits that filled a
syn-orogenic marine retro-foredeep basin. The entire syn-collisional succession overlies
and onlaps eastward onto a regional unconformity that formed by erosion of older, late
Miocene volcanic-arc and forearc-basin deposits. Major arc volcanism recorded in the
Miocene Tuluanshan Formation ceased prior to the onset of eastward migrating
subsidence, which we infer took place in front of the east-vergent retrowedge of the
collisional orogen. Minor tuffaceous turbidites in the post-Miocene flysch sequence
record input from a different, younger volcanic source that was located offshore to the
east during Plio-Pleistocene basin development. Diverse rock types in Lichi Mélange
blocks and clasts of associated debris flow deposits indicate that arc and forearc crustal
fragments of the oceanic Philippine Sea plate were tectonically recycled into the eastern
retrowedge belt of the collisional orogen during the 4-1 Ma formation of the Lichi
Me¢lange and associated flysch deposits near the tectonically controlled western margin of
the basin.

During the past ca. 1 Myr, the Lichi Mélange and retro-foredeep strata of the
Coastal Range have been rapidly uplifted, deformed, and incorporated into the ocean-
facing margin of the modern collisional orogen along with underlying Miocene volcanic
arc crust. The present-day expression of the Lichi Mélange is modified by structural
overprints and fault-zone fabrics, but the mélange itself did not form solely by fault-zone
processes. It is a complex association of olistostromes emplaced by large submarine
slides and slumps derived from the eastern retrowedge of the Taiwan collisional orogen.
These results reveal a dynamic and complicated history of mélange-forming processes in
respond to frequent rock mixing and reworking at the oceanic interface of an active arc-
continent collision. Similarity between our findings in eastern Taiwan and other
polygenetic mélanges associated with retrowedge basins suggests that tectonic recycling
linked to crustal shortening may be a common process in retrowedge foredeep basins of
active collisional orogens, particularity in (but not limited to) arc-continent collision

systems.
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10. Bridge

Chapter II investigates long-debated genesis of the Lichi Mélange and associated
of retrowedge foredeep basin developed on top of the Luzon Arc crust during Taiwan’s
orogenesis. The results show how crustal materials got progressively mixed and recycled
at an arc-continent collisional suture zone via both structural burial, mixing, exhumation,
and sedimentary redistribution. Debates and conflicts in nomenclatures and regional
geological observations are systematically reviewed. Combined microfossil
biostratigraphy, magnetostratigraphy, and lithofacies analysis offers new insights to the
syn-orogenic evolution history of the southern Coastal Range basin and its depositional
environment. This accomplishment serves as an important basis of regional geology and
stratigraphic framework for the subsequent chapters in this dissertation. In Chapter III, I
present results of back-stripping analysis using data from Chapter II and new data in
northern Coastal Range. The study in Chapter III aims to detect the style, magnitude, and
rate of vertical motions of the accreting Luzon Arc crust involved in creation of the

modern Coastal Range.
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CHAPTER III
EXTREMELY RAPID UP-AND-DOWN MOTIONS OF ISLAND ARC CRUST
DURING ARC-CONTINENT COLLISION

This chapter has been published as Lai, L. S.-H., Dorsey, R. J., Horng, C.-S., Chi,
W.-R., Shea, K.-S., and Yen, J.-Y. (2022) Extremely rapid up-and-down motions of
island arc crust during arc-continent collision. Communications Earth & Environment,
3(1), 100. I, Rebecca. J. Dorsey, and Jiun-Yee Yen conducted field geological surveys
and sedimentologic and stratigraphic measurements. Chorng-Shern Horng and I are
responsible for sampling and experimental works for paleomagnetism study. Wen-Rong
Chi, Kai-Shuan Shea, and I performed microfossil identifications and biostratigraphic
analysis. I am the lead author on the paper, which involved data synthesis and analysis,
programming for basin subsidence modeling works, preparation of figures and tables, and
writing the entire manuscript. All other coauthors assisted with data interpretation and

editorial feedback.

1. Introduction

Vertical crustal motions are fundamental to the creation of topography,
development of sedimentary basins, and the rock cycle (Champagnac et al., 2012; Turner
& Williams, 2004). Rapid vertical displacement rates (mm yr'!) are often driven by
tectonic processes such as crustal thickening in Tibet (Taylor et al., 2021) and Taiwan
(Lundberg & Dorsey, 1988, 1990; Sandmann et al., 2015), strike-slip deformation along
the San Andreas fault (Dorsey et al., 2011; Spotila et al., 2001), lithospheric thinning in
Central Anatolia (Ogretmen et al., 2018) and D’Entrecasteaux island of Papua New
Guinea (Baldwin et al., 2004), and deflections due to changes in surface or subsurface
mass loads in Hawaii (Watts & Cochran, 1974) and Antarctica (Barletta et al., 2018).
Mass redistribution by erosion and sedimentation amplifies vertical crustal motions
(Willett, 1999) and is important for understanding interactions between tectonic and
surface processes involved in mountain building and continental growth (Lister &
Forster, 2009). Among these settings, extreme rates (>10 mm yr!) of long-term (>10°—

107 years) rock uplift are seldom detected (Gingerich, 2021). Many studies rely on
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thermochronology (Reiners & Brandon, 2006) and petrology-geochemistry (Brown,
2014) to assess long-term vertical movements of crustal materials, but these methods are
limited by the requirement of suitable minerals, geothermal gradient, temperature, and
duration needed to thermally reset thermochronometers. Assumptions of ancient
topography and thermal structure are often essential for use of thermochronologic
methods to estimate long-term rock uplift (Braun et al., 2006), but it is difficult to
constrain these quantities in rapidly growing orogens constructed of unmetamorphosed
rocks. Thus, the rates, timescales, and structural controls on vertical motions of shallow
crust in active mountain belts remain poorly understood.

Stratigraphic study of inverted syn-orogenic sedimentary basins provides a
powerful tool with which to document rapid subsidence and uplift of unmetamorphosed
near-surface rocks in zones of mountain building at tectonically active plate margins
(Turner & Williams, 2004). Integrated paleomagnetic and biostratigraphic analysis can
yield extremely high resolution [e.g., + 5-20 thousand years (kyr)] for dating
stratigraphic intervals (Dorsey et al., 2011), and thus, remarkably high-fidelity estimates
for rates of vertical crustal motions and tectonic processes. We applied this technique to
investigate stratigraphic records of the Coastal Range in eastern Taiwan, which reveal a
history of extremely rapid vertical crustal oscillations during accretion of volcanic-arc
crust to a continent.

The island of Taiwan has emerged since late Miocene time through active
collision between the Luzon island arc on the Philippine Sea plate and the Chinese
continental margin of the Eurasian plate (Byrne et al., 2011) (Figure 1). Rapid (~82 mm
yr'!) oblique convergence (Yu et al., 1997) between the two plates induces rapid
exhumation and denudation (Dadson et al., 2003), and some studies infer that collision
has propagated southward through time (Huang et al., 2006; Suppe, 1981; Teng, 1990).
Other studies of the metamorphic core (Central Range) and western foreland basin
suggest that collision was geologically simultaneous from north to south, with pulses of
accelerated exhumation from ~0.1 to 2-4 mm yr™! at 2.0—1.5 million years ago (Ma) and
then to 4-8 mm yr! at ~0.5 Ma (Hsu et al., 2016; Lee et al., 2015). These accelerations
correspond to tectonic reorganizations of the overriding Philippine Sea plate (Sibuet et

al., 2021; Wu et al., 2016) that drive exhumation of high-pressure metamorphosed
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Figure 1. The Coastal Range of eastern Taiwan. (a) Regional tectonic configuration
(Sandmann et al., 2015; Sibuet et al., 2021) (inset), simplified geological map of the Coastal
Range (Lai, Dorsey, et al., 2021) and analyzed stratigraphic sections (blue boxes), including

Hsiukuluan river (HKL), Wulou river (WL), Fungfu (FF), and Fungpin (FP) sections in the north,
and Bieh river (BC), Madagida river (MDJ), and Sanshian river (SSS) sections in the south. (b)
Millennial rates of marine terrace uplift and river incision, compiled by Lai, Roering, et al. (2021)

(c) Geodetic rates of vertical deformation measured during 2000-2008 (Ching et al., 2011).
Negative values mean subsidence.
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Miocene arc crust-bearing mélange (Yuli Belt) from >35 km crustal depth (Chen, Chung,
etal., 2017; Lo et al., 2020; Mesalles et al., 2020; Sandmann et al., 2015; Yui et al.,
2014) and rapid Quaternary emergence of the unmetamorphosed arc crust in the Coastal
Range (Lundberg & Dorsey, 1990).

The Coastal Range contains a thick succession of Plio-Pleistocene orogen-derived
marine flysch, conglomerate (Fanshuliao and Paliwan formations), and olistostromes
(Lichi M¢élange) that rest unconformably on Miocene volcanic arc basement (Tuluanshan
Formation, ca. 15-6 Ma) (Figure 2) (Dorsey, 1992; Lai, Dorsey, et al., 2021). The basal
unconformity (ca. 64 Ma) is a broad erosive surface discontinuously capped by thin
shallow-marine limestone (Kangkou Limestone, 5.6-3.5 Ma) and limestone clast-bearing
epiclastic deposits (Biehchi Epiclastic Unit, 5-3.5 Ma) that are directly overlain by
uncemented deep-water flysch (Huang & Yuan, 1994; Lai, Dorsey, et al., 2021). These
relations record slow uplift, erosion, and intermittent sedimentation on arc basement near
sea level, followed by rapid subsidence that created accommodation space for thick
basin-filling sediment (Dorsey, 1992; Lundberg & Dorsey, 1988). Basin inversion and
uplift must have occurred in the last roughly 1 million years based on observation of the
tilted youngest marine flysch and creation of modern Coastal Range topography
(Lundberg & Dorsey, 1990). Yet, the timing and rates of these processes remain unclear.
Thermochronology and petrological methods are not suitable for solving this problem
because of the short duration of burial and very low paleo-geothermal gradient revealed
by clay mineralogy (~14 °C km™) (Dorsey et al., 1988) and no post-depositional resetting
of fission-track detrital thermochronometers (Kirstein et al., 2014). Early studies used
calcareous nannoplankton data (Chang & Chi, 1983; Chi et al., 1981) and simplified
lithostratigraphic columns to derive a range of subsidence rates (0.8—5 mm yr'!) and
minimum uplift rate (5.9—7.5 mm yr™") with unknown spatial variability (Lundberg &
Dorsey, 1988, 1990). Many of these studies are now outdated and pre-date recent
advances in paleomagnetism and microfossil studies (Chen, Huang, et al., 2015; Horng &

Shea, 1996; Lai, Dorsey, et al., 2021; Lee, 1989, 1992).
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Figure 2. Stratigraphy of the Coastal Range. Locations of studied sections are shown in Figure
1. GPTS = Geomagnetic polarity timescale. FAD = First appearance datums of index
microfossils. Tls. = Tuluanshan Formation; k. = Kangkou Limestone. See details of stratigraphic
correlation in Supplementary Figures 1-2.
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To document the timing, magnitude, and rates of vertical crustal motions in the
Coastal Range of eastern Taiwan, we compiled geologic and magneto-biostratigraphic
data to date and accurately reconstruct two composite stratigraphic columns in the
northern and southern Coastal Range (Figures 1-2). This includes our published data
from the southern Coastal Range (Lai, Dorsey, et al., 2021) (Supplementary Figure 1)
and new detailed geologic mapping, paleomagnetic measurements, and microfossil
identifications of planktonic foraminifera and calcareous nannoplankton in the northern
Coastal Range (Supplementary Figures 2—6; Supplementary Data 1-2). The foraminifera
data provide improved paleobathymetry estimates (Supplementary Figure 7,
Supplementary Data 3), and compiled magneto-biostratigraphy constrains depositional
age (Figure 3a). Dense sampling of microfossils and paleomagnetic sites yields high
temporal resolution (~1-15 kyr) and high accuracy (2—43 kyr) of age controls that
surpass other geologic dating methods (Supplementary Data 4). Because the youngest
inverted sediment is consolidated and lithified, we have to account for deposits that
accumulated above the top of our measured sections and subsequently were removed by
erosion. Porosity-effective stress of sandstone and vitrinite reflectance data indicate that
ca. 0.45-1.95 km of strata was eroded off the youngest deposits preserved in our
measured sections (Hong, 2020). Due to uncertain variability of compaction history and
geothermal structure, we used a conservative thickness of 0.5-1.0 km for eroded
sediments to reconstruct the deepest subsidence prior to onset of structural inversion
(Figure 3a).

Using high-fidelity constraints on stratigraphy and paleobathymetry, updated
eustatic sea level curve (Supplementary Figure 7), and porosity-depth functions for
relevant sediment types (Supplementary Figure 8), we conducted a modern 1-D
backstripping analysis (Allen & Allen, 2013) to progressively remove decompacted
sediment and correct paleo-water depth along two composite sections. This allowed us to
reconstruct the history of subsidence and uplift of arc basement in the north and south

(Figure 3b—c). See details in the Methods section.
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Figure 3. Sediment accumulation rates and subsidence-uplift histories of the Coastal Range.
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2. Results and Discussion
2.1. Subsidence-uplift histories of the Taiwan Coastal Range

Our results reveal that >5.48-6.51 km of preserved orogen-derived sediment
accumulated between ~3.39 and 0.77 Ma, with a minor increase in sedimentation rate at
~2.0 Ma (Figure 3a). Volcanic-arc basement subsided to depths of 6.53—7.78 km below
modern sea level at rates of 2.26 mm yr! in the north and 3.24 mm yr! in the south, with
tectonic forces and sediment loads making subequal contributions to the total subsidence
(Figure 3b—c). The age of youngest, now-eroded sediment is estimated to be ~0.61-0.50
Ma, providing a reasonable age estimate for the end of subsidence and onset of structural
inversion (Figure 3a). Since the folded basal unconformity and underlying volcanic
basement rocks are exposed well above sea level, the difference between present-day
heights of antiformal peaks and the reconstructed depth of arc basement at the end of
deposition (0.82—0.77 Ma for the youngest preserved sediment; 0.61-0.50 Ma at the top
of eroded sediment) provide a conservative estimate for the amount of vertical
displacement during basin inversion. To exhume the volcanic-arc basement to present
elevations of the Coastal Range (0—1.33 km in the north, 0—1.68 km in the south) requires
extremely rapid rock uplift rates of at least 8.89—~14.39 mm yr™! in the north and 10.43—
14.24 mm yr'! in the south (Figure 3b—c; Supplementary Data 4).

The minor increase in sedimentation rate at ~2.0 Ma and onset of basin inversion at
~0.8-0.5 Ma are coeval with proposed episodes of accelerated rock exhumation in the
metamorphic Central Range to the west (Hsu et al., 2016) (Figures 3a and 4a). Post-0.5
Ma uplift rates of ca. 9—14 mm yr! represent the lower bound of long-term average
exhumation rates in the Coastal Range. These rates are intermediate between spatially
variable millennial uplift rates measured in coastal marine terraces (2.3—11.8 mm yr'!)
(Chen et al., 2020; Hsieh & Rau, 2009) and fluvial incision rates (15.1-27.3 mm yr'!)
measured near the western major oblique thrust fault (Longitudinal Valley fault) (Shyu et
al., 2006) (Figure 1b). Notably, millennial uplift rates in the northern Coastal Range (2.3—
4.7 mm yr'") (Chen et al., 2020; Hsieh & Rau, 2009) are considerably slower than our
calculated long-term exhumation rates (~9—14 mm yr'"), and geodetic data (Ching et al.,

2011) reveal subsidence at rates locally up to ~23.5 mm yr'! in the north (Figure 1b—c).
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This implies that the northern part of inverted arc crust may have entered a new
subsidence stage very recently.

Taken together, the stratigraphic record in the Coastal Range reveals two short
cycles of up-and-down crustal motions (Figure 3b—c). Coeval histories of uplift and
subsidence in the north and south support an interpretation of simultaneous crustal
dynamics along the collisional suture (Hsu et al., 2016; Lee et al., 2015; Sibuet et al.,
2021), in contrast to southward-propagating growth of the Taiwan orogen inferred in
some models (Huang et al., 2006; Suppe, 1981; Teng, 1990). These findings indicate the
need for a revised tectonic interpretation to explain the observed rapid vertical

oscillations of arc crust in this active arc-continent suture zone.

2.2. Drivers of rapid crustal oscillations during oceanic arc accretion

We infer that the first cycle of uplift (~6—3.4 Ma) and subsidence (~3.4-0.5 Ma) of
volcanic basement was driven by early flexure and loading of accreting Luzon arc crust.
This interpretation is supported by recent results showing that Plio-Pleistocene sediments
(Lichi M¢élange, Fanshuliao and Paliwan formations) formed on — and were derived from
— an east-dipping submarine paleoslope at the steep western margin of the basin (Lai,
Dorsey, et al., 2021; Page & Suppe, 1981). These sediments onlap the westward-inclined
basal unconformity on top of Miocene arc basement (Tuluanshan Formation) and display
lateral facies changes that record eastward progradation of coarse deposits into the basin
(Lai, Dorsey, et al., 2021). These observations are best explained by basinward migration
of the depocenter in response to eastward migration of a thrust-bounded submarine slope
at the retrowedge orogenic front (Figure 4a). Thus, the first stage of vertical crustal
oscillation in the Coastal Range (slow uplift) is interpreted as a signal of forebulge uplift.
This stage was followed by subsidence in an evolving retrowedge foredeep basin driven
by eastward migration of a flexural wave (Dorsey, 1992; Lundberg & Dorsey, 1988).
These processes took place during development of the prowedge foreland basin in

western Taiwan starting ~6.5-5 Ma (Lee et al., 2015; Lin & Watts, 2002).
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Figure. 4. Conceptual model for the history of vertical motions (blue arrows) of the
Philippine Sea plate arc crust in the past ~6 Ma. (a) Forebulge uplift and foredeep subsidence
occur on the Luzon arc crust during 6—0.5 Ma, in response to eastward migrating orogenic load
(Dorsey, 1992; Lai, Dorsey, et al., 2021). (b) Post-0.5 Ma rapid uplift due to transpressional
deformation and isostatic rebound of the overriding plate (Lundberg & Dorsey, 1990; Sandmann
et al., 2015; Shyu et al., 2011). (c) Representative structural cross-section in the modern Coastal
Range (Hsieh et al., 2020; Lai, Dorsey, et al., 2021). Blue lines mark major boundary faults. LVF
= Longitudinal Valley fault; CRF = Central Range fault.

The absence of transgressive deposits at the basal unconformity between shallow-
marine limestone (5.6-3.5 Ma) and overlying deep-marine flysch (~3.4-3.1 Ma) requires
a sudden increase in water depth at ~3.5 Ma (Figure 3b—c). This abrupt subsidence likely
resulted from local extensional faulting (Barrier & Angelier, 1986; Huang et al., 1995) in
the upper dilating crust of a migrating flexural forebulge (Di Martire et al., 2015), and

may be in part related to an increase in orogenic load on the Philippine Sea plate due to
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accelerated topographic growth in the retrowedge at 3.2 + 0.6 Ma (Mesalles et al., 2014).
Lithospheric bending of the Philippine Sea plate induced by northward subduction at the
Ryukyu trench (Wang & Lee, 2011) may have also influenced vertical displacements in
the accreting arc crust. However, this hypothesis predicts southward migration (relative
to the Coastal Range) of vertical-displacement signals, but the observed cycles of uplift
and subsidence occurred simultaneously in northern and southern Coastal Range transects
(Figure 3b—c). Therefore, we suggest that northward subduction at the Ryukyu-trench
exerted little or no influence on vertical crustal motions during ~6—0.5 Ma basin
evolution.

Post-0.5 Ma extremely rapid uplift and basin inversion created the modern
topography of the Coastal Range in a small doubly-vergent structural wedge during an
abrupt change to wrench-style transpressional deformation (Hsieh et al., 2020; Lai,
Dorsey, et al., 2021) (Figure 4b—c). While rapid vertical displacements are observed in
other oblique-convergent settings (Dorsey et al., 2011; Spotila et al., 2001), it is unusual
to document large-scale exhumation at rates >10 mm yr'! driven solely by upper-crustal
deformation. Isostatic adjustments to changes in lithospheric structure provide a
mechanism that can explain this behavior (Watts, 2001). A tectonic load on the
Philippine Sea plate may have been suddenly released when forearc lithosphere was
broken and subducted at the collisional suture zone (Chemenda et al., 2001; Malavieille
et al., 2002; Shyu et al., 2011). Downward extraction of lithospheric fragments may have
caused rapid exhumation of the overriding plate crust near the suture (Froitzheim et al.,
2006; Majka et al., 2014), which may be partially responsible for the post-0.5 Ma uplift
of metamorphosed (Yuli Belt) and unmetamorphosed (Coastal Range) arc crust in eastern
Taiwan (Figure 4b—c) (Lai, Dorsey, et al., 2021; Sandmann et al., 2015; Zhang et al.,
2020). Isostatic compensation by erosional unloading may also have contributed to the
creation of topography (Abbott et al., 1997; Molnar, 2012), but its role remains unclear. It
is possible that we have underestimated post-0.5 Ma long-term uplift rates in the northern
Coastal Range, because present-day topography in the north may currently be influenced
by the modern subsidence stage. This youngest and ongoing subsidence likely is driven
by northward convergence and reversed subduction polarity of the Philippine Sea plate at

the Ryukyu trench (Teng et al., 2000; Yen et al., 2018) (Figure 1).
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This study reveals a history of extremely rapid vertical oscillations (up-and-down
cycles) of near-surface rocks in only ~3 Myr during active accretion of island arc crust to
a growing continental margin (Figure 3). Our results highlight the short-lived episodic
nature of arc-continent collision (Draut & Clift, 2013) and challenge ideas about long
timescales that are often invoked for the rise and fall of mountainous topography by
coupled tectonic and surface processes (10107 years) (Allen, 2008). We find that
growth of topography to form an eroding steep mountain range directly on the footprint
of a formerly subsiding marine basin can be accomplished in only ~500-800 kyr. This
study shows that the change of direction in vertical motion, and transformation of a
subsiding basin to an eroding mountainous source, can occur very quickly to drive
extremely rapid rock cycling and mixing at this and other collisional plate boundaries
(Lai, Dorsey, et al., 2021). Because arc collision and accretion are recognized as a
fundamental process in the growth of continental crust (Albarede, 1998), our results
suggest that extremely rapid vertical crustal motions may be characteristic of deformation
in arc-continent suture zones through geologic time (Clift et al., 2003).

Existing methods of thermochronology, petrology, and geochemistry provide a
useful record of crustal burial and exhumation in these settings, but they cannot detect
such short rapid vertical trajectories in shallow unmetamorphosed crust. Integrated
magneto-biostratigraphy and basin subsidence analysis thus offers an important tool for
documenting high-resolution histories of vertical crustal motions in tectonically active
systems. This approach spans a crucial time gap that needs to be bridged to better
understand dynamic feedbacks among long-term geologic (tectonic) processes and
shorter timescale impacts such as climate change and landscape response (Allen, 2008;

Champagnac et al., 2012; Romans et al., 2016).

3. Methods
3.1. Geological mapping and lithostratigraphy

Detailed geological mapping for this study targeted excellent exposures in road cuts
and riverbanks of the Coastal Range (Figure 1). Marker beds (pebbly mudstone and
tuffaceous turbidite) and fault zones were carefully mapped across the study area

(Supplementary Figures 3—4). We also compiled information from previously published
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geological maps (Chen & Wang, 1997; Hsu et al., 2017; Hsu, 1956; Huang & Yuan,
1994; Lai, Ng, et al., 2018; Lai & Teng, 2016; Teng et al., 2016; Wang & Chen, 1993; Yi
et al., 2012). Lithostratigraphic descriptions in type sections of the southern Coastal
Range [Bieh river (BC), Madagida river (MDJ), and Sanshian river (SSS) sections] are
from Lai, Dorsey, et al. (2021) (Supplementary Figure 1). New results in the northern
Coastal Range [Hsiukuluan river (HKL), Wulou river (WL), Fungfu (FF), and Fungpin
(FP) sections] are compiled in Supplementary Figure 2. We produced composite columns
for the northern and southern Coastal Range (Figure 2) through correlations based on
marker beds and the first appearance datums (FAD) of index fossils (Supplementary
Figures 1-2) and aided by construction of a balanced geological cross section
(Supplementary Figure 5). This approach assumes that the thickness (i.e., rock volume)

of each unit does not change substantially across the local structures (faults and folds).

3.2. Magnetostratigraphy

In the southern Coastal Range, we adapted results and interpretations of
paleomagnetic chrons from previous published studies (Horng & Shea, 1996; Lai,
Dorsey, et al., 2021; Lai, Ng, et al., 2018; Lai & Teng, 2016) (Supplementary Figure 1).
In the northern Coastal Range, we compiled published paleomagnetism data (Lee, 1989,
1992) along with new data from samples collected in coherent strata from continuous
sections (Paliwan Formation) for Hsiukuluan river (HKL), Wulou river (WL), and
Fungpin (FP) sections, avoiding chaotic mass-transport deposits (slump beds, olistoliths)
(Supplementary Figures 2—4). Paleomagnetic samples were collected using a standard (22
mm diameter) drill core from fresh mudstone exposures, and remanent magnetization was
measured with a 2G three-axis cryogenic magnetometer. To remove viscous remanent
component of overprinting magnetic signals, we applied stepwise thermal
demagnetization (THD, from room temperature up to 800°C) or alternating-field
demagnetization (AFD, from 0 up to 80 mT) to most samples. We applied a combination
of THD and AFD (e.g., THD to 360°C followed by AFD procedure) in cases of some
specimens that became thermally unstable at higher temperatures. Through these
procedures, we obtained reliable measurements of primary remanent component of the

paleomagnetic declination and inclination from Zijderveld-type diagrams at each site
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(Supplementary Figure 6). We derived mean paleomagnetic directions by restoring the
perturbations of regional folds (bedding dip) (Supplementary Data 1). The age values and
their uncertainty ranges of magnetic reversals follow the most recent global geomagnetic

polarity timescale (Channell et al., 2020; Ogg, 2020).

3.3. Calcareous nanoplanktons and planktonic foraminifera biostratigraphy

In the southern Coastal Range, we adapted results and age interpretations from
previous published studies (Horng & Shea, 1996; Lai, Dorsey, et al., 2021; Lai, Ng, et al.,
2018; Lai & Teng, 2016) (Supplementary Figure 1). In the northern Coastal Range, we
digitized and manually georeferenced unpublished calcareous nannoplankton fossil charts
(Supplementary Data 2) and sample localities (Supplementary Figures 3—4) from original
notes and field maps of previous works by W.-R. Chi (Chi et al., 1980; Chi et al., 1981)
(Supplementary Figure 2). For planktonic foraminifera biostratigraphy, we compiled
published data of index fossils (Chang, 1967, 1968, 1969; Chang & Chen, 1970) and
collected five new samples in Fungfu (FF) and Fungpin (FP) sections (Supplementary
Figures 2 and 4; Supplementary Data 2). Samples were collected from fresh intact
exposures of mudstone, and we used 63 um sieve to extract proper size foraminifera for
identification.

Interpretation of depositional ages is based primarily on the first appearance datum
(FAD) for index fossils due to the potential of fossil reworking, which is commonly
reported in turbidite-dominated deposits of the Coastal Range (Chen, 2009; Chi et al.,
1981; Lai, Dorsey, et al., 2021) and confirmed by our work. Age values and uncertainties
are based on recent compilations for the Indo-Pacific region (Chuang et al., 2018; Raffi et

al., 2020) (Figure 2).

3.4. Paleobathymetry

When abundance data of both benthic and planktic foraminifera are available, one
can empirically estimate the paleobathymetry (/) of the marine sediment through a
regression relating planktic percentage (%Ps) to modern water depth(Hayward & Triggs,
2016; van Hinsbergen et al., 2005). The planktic percentage (%Ps) is defined as:
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%P, = 100 - (1)

P+B—-S-0

, Where P is the number of in situ planktic specimens; B is the number of benthic
specimens; S is the number of stress-marker benthic specimens that are more sensitive to
other environmental factors (e.g., oxygen level) rather than water depth (in the genera
Bolivina, Bulimina, Chilostomella, Fursenkoina, Globobulimina, Uvigerina s.s.); O is the
number of organically cemented benthic specimens and reworked fossils. Once (%Ps) is

calculated, the paleobathymetry (/) can be estimated through this logistic function:

w = [+11( i )] 0.1 2
- P ™M To0—w%r /] T )

, where aand 8 are empirical constants from modern settings. Despite the lack of modern
offshore constraints near Taiwan, we adapted a=1.45 + 0.080 and = 5.23 + 0.042
(means + standard errors) regressed from modern analogue of 04500 m water depth in
subtropical Pacific near New Zealand by Hayward and Triggs (2016).

We converted qualitative (in ordinal scale) abundance data of from Chang (1967,
1968, 1969) (V: >50 specimens; A: 21-50 specimens; C: 11-20 specimens; F: 6-10
specimens; R: <6 specimens; ?: unsurely identified; D: reworked fossils) into quantitative
(ratio) scale with ranges of uncertainty (V=75+25; A=35+15;C=15+5;F =7+ 3;
R=3+2;?7=1=1; excluding reworked fossils) to constrain parameters P, B, and S.
Parameter O is assumed to be zero because we have excluded reworked fossils. We then
used equation (2) to calculate the paleobathymetry (/) and its uncertainty (standard
error) through Gaussian error propagation at each sample site of Chang (1967, 1968,
1969) along studied sections [Fungfu (FF), Fungpin (FP), Bieh river (BC), Madagida
river (MDJ), and Sanshian river (SSS) sections] (Supplementary Data 3).

Fossil abundance data are sometimes absent [e.g., data of Hsiukuluan river (HKL)
and Wulou river (WL) sections from Chang and Chen (1970)] or paleobathymetry cannot
be calculated using the planktic-percentage method (e.g., %6Ps = 0 or 100). In these cases,
we used an alternative method from Hohenegger (2005), which relies solely on the
presence/absence of the benthic species and their modern water depth distributions. The

basic function of this method can be written as:
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m m
W= Z lndn_l/z dn_1 3)
n=1 n=1

, where [, and d,, are the location parameter (i.e., mean water depth) and its dispersion
(water depth range) of the nth benthic species, respectively; m is the total amount of
benthic species that are considered. This method is based on the idea that species with
narrower present-day depth distribution could yield more information about the
paleobathymetry of the sediment than species adapted to live in a wide range of water
depth. We collected constraints of the minimum and maximum distributed water depths
of different benthic species or genera (wmin and wmax respectively) from publications to

date (see cited data in Supplementary Data 3). We then derived the geometric mean (,, =

N Omax * Wmin) and range (d,, = Wpax — Wmin) of water depth for each species or genus,
and calculated the paleobathymetry (W) through equation (3). The uncertainty of

paleobathymetry (o,,) can be estimated as below:

O = i(zn - wy2d, ™ / i ! )
n=1 n=1

Lastly, we projected these sample locations along the composite stratigraphic

columns to determine changes in paleobathymetry through time (Supplementary Figures

1,2, and 7).

3.5. Age models and quality of age measurements

Age constraints (paleomagnetic reversals and first appearance datums of index
fossils) and their measured present-day stratigraphic heights (before correcting effects of
compaction) on the composite sections (Figure 2) are used to conducted linear
regressions between thickness and age (Supplementary Data 4). We visually determine
data trends and group data to be fitted in different regression lines (Figure 3a). These
linear models are then used to predict (using extrapolation and interpolation) depositional
ages of the section boundaries (base of section, top of preserved section, top of
reconstructed section) and paleobathymetry samples (Supplementary Data 3—4).

The resolution of our dating with these integrated magneto-biostratigraphy methods
is expected to be as good as the precision [~1-15 thousand years (kyr)] of each
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astronomically-calibrated age of paleomagnetic reversal (Channell et al., 2020) and first
appearance datum (FAD) for index fossils (Chuang et al., 2018), once they are accurately
placed in the stratigraphic sections. The stratigraphic position of each age-control datum
was determined using the two sample sites that define a magnetic polarity reversal or the
first appearance of an index fossil. The stratigraphic thickness between two bounding
paleomagnetic sample sites mostly lies between 8 to 288 m, except a poor constraint (828
m) at reversal between polarity chrons C2Anl.n and Clr.2r (Gauss-Matuyama boundary)
near the base of Fungfu (FF) section in the northern Coastal Range (Figures 2;
Supplementary Figures 1-2). Using the mean sediment-accumulation rates calculated
from height-age linear regressions, the uncertainty (accuracy) for most of our age
measurements is estimated to be £ 243 kyr (0.1%—2%) from targeted age values [+ ~507
kyr (~10%) for the Gauss-Matuyama boundary in the FF section] (Supplementary Data
4). This demonstrates remarkably high-resolution and high-fidelity controls on

depositional ages and associated vertical subsidence and uplift rates.

3.6. Subsidence analysis: decompaction and backstripping

We used established numerical methods of basin geohistory analysis (Allen &
Allen, 2013) that correct for loss of pore space during progressive burial and compaction
of sediment through time to reconstruct of subsidence history of the sedimentary basin.
Stratigraphic thickness, corrected for the effects of compaction and sea level, is therefore
used to track the depth of the basement top through time (Lee et al., 2019). This approach
assumes that the pore spaces are interconnected (i.e., no overpressure), and the sediment
porosity [@(z)] varies as an exponential function of depth (z):

@(z) = 9(0) - e %/ (5)

, where C is a decay constant that varies with lithology. We calculated global average
porosity-depth functions from previous publications (Kominz et al., 2011; Lee et al.,
2019) to estimate initial porosity [@(0)], decay constant (C), and uncertainties (standard
errors) for sandy, muddy, and mean marine sediments (Supplementary Figure 8;
Supplementary Data 4). We assumed that basement rocks below the basal unconformity
(i.e., Kangkou Limestone, Tuluanshan Formation) have not compacted. This assumption

is supported by the presence of calcite-cemented Miocene volcaniclastic sandstones
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beneath the unconformity that are directly overlain by uncemented mudstones and
sandstones above the contact (Dorsey, 1992; Lai, Dorsey, et al., 2021), showing that
rocks beneath the unconformity were cemented prior to deep post-Miocene basin
subsidence. Rocks beneath the unconformity may be subject to minor, inconsiderable
amounts of compaction that do not affect the results of our subsidence analysis.

For N stratigraphic units, the present-day thickness (T) of each unit was buried at a
depth of D, when the youngest sediment deposited prior to structural tilting and erosion.
There are 14 preserved units (N = 14) in both northern and southern Coastal Range.
Stratigraphic positions of all age boundaries are presented in Supplementary Data 4.
Uncertainties of T;, of preserved units (unit 1 to 14) are limited by the stratal thickness
between the two bounding samples that confine the magnetic reversals or the first
appearance datums (FAD) of index fossils (Supplementary Figures 1-2; Supplementary
Data 4). The uppermost preserved sediment at the top of unit 1 is consolidated and
lithified, which means that there must have been a considerable thickness of strata (called
unit 0 in this study) above preserved unit 1 that was subsequently removed by erosion
during post-0.5 Ma uplift. Porosity-effective stress of the sandstone (Hong, 2020) and
compiled vitrinite reflectance (Chim et al., 2018) data yield an estimated range of eroded
thickness of ca. 2.2-3.7 km above marker bed tuff Tp12 near the top of the Madagida
river (MDJ) section (Supplementary Figure 1). This implies ca. 0.45-1.95 km sediment
that was deposited above unit 1 and has since been removed. For simplicity, we assumed
a conservative thickness range of 0.75 + 0.25 km for the unpreserved unit 0 in both the
north and south composite sections, and we used it to reconstruct the top of section prior
to structural inversion (Figure 3; Supplementary Data 4).

To calculate the thickness of each unit at some earlier time (i.e., decompacted
thickness, T;), when the unit was buried only to a depth of D;, we can use the mass-

balance equation:

Di+T; Do +To
f [1- 0,(2)]dz = j [1- 0,(2)]dz ©)

, where the @;(2) is the porosity of uniti (i =0, 1, 2, ..., N) at depth z. This approach

assumes the volume of sediment grains within the unit does not change. The quantity
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[1 — @;(2)] represents the volume of sediment grains (per unit volume of the strata) at
any level within the unit. After integrating equation (5), equation (6) is rearranged to

iteratively solve T;:

M
/ck
=T = Z Ff- [‘P1 e TG+ (Pz] (7)
k=1
) g1 =~Cl o (0) PV
, Wit
@2 = —@1 + Ty + C - 0¥ (0) - e=Do/Ct . [e_DO/C"k - 1]

, where Ff is the fraction of lithology k (k= 1, 2, ..., M) in unit i. There are three types of
lithology (M = 3) determined in this study. The fraction of sand (k= 1), mud (k= 2), and
pebbly mudstone (k = 3) was measured in all sections (Supplementary Figures 1-2;
Supplementary Data 4). We assumed that unit 0 contains subequal fractions of sand and
mud (F§ = 0.5; F¢ = 0.5; F3 = 0). The initial porosity [@¥(0)] and decay constant (CF)
for sandy, muddy, and mean marine sediments were applied respectively (Supplementary
Figure 8). After repeating equations (6) and (7) for each unit from top to the base of
section, we computed the sum of decompacted unit thickness (€;) at the time when unit i

finished deposition:

N
€ = ZO T, 8)

These procedures [equations (6) to (8)] account for the effects of removing incrementally
older units from the top and allow the section to expand as underlying units are unloaded.

To evaluate the amounts of total subsidence (i.e., the true depth of the basement, o;)
at the end of unit i deposition, we need to correct the magnitude of paleo water depth by
assuming the basin was filled with water to sea level:

o; =€ +W;,— A 9)

, where W; and A; are the paleobathymetry and sea level relative to modern datum at the
time of unit i finishing deposition. We combined means and standard errors of available
paleobathymetry estimates (Supplementary Data 3) with reconstructed global sea level
from Miller et al. (2020) using age constraints in each section (within the range of age
uncertainty with extra £ 0.2 Myr and = 0.01 Myr for paleobathymetry and relative sea

level respectively) as the values of W; and A; at each unit boundary (Supplementary
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Figure 7; Supplementary Data 4). Paleobathymetry constraint was not available for the
reconstructed unit 0 above the preserved strata. In this case, we assumed the
paleobathymetry of reconstructed basin top (at the end of unit 0 deposition, W) and its
uncertainty range as a half of the W, value at the top of preserved strata [Wy = W, /2 +
W, /2] because basin inversion in the Coastal Range possibly began between the ends of
unit 1 and unit 0 (Figures 3; Supplementary Figure 7).

Since the folded basal unconformity and underlying volcanic basement rocks are
exposed well above sea level (Figure 4c), we can calculate the minimum and the best-
estimated long-term rock exhumation rates using the decompacted depth of basement at
depositional ends of unit 1 and unit 0 (o; and o)) to the present-day elevations of the
antiformal peaks in northern and southern Coastal Range (0—1.33 km and 0-1.68 km,
respectively) (Figure 3).

We further estimated the amount of subsidence that was contributed by tectonic
forces (so-called “tectonic subsidence,” {;) at the end of unit i deposition by removing

effects of paleo water depth and local (Airy) isostatic response to applied sediment loads:

€; £’—)ﬂ—————z+w A —— Pa (10)

" (Pa — Pw) "(pa = Pw)
, where p,, is the density of marine water (p,, = 1025 kg m™); p, is the density of

¢ =

asthenospheric mantle (p, = 3300 kg m™). g’ is the average (integral) density (g5') of

the unit 7 with various lithologies k at each time frame of sedimentation:

Pl = (Z Z FE-0l) e (11)

i=0k=1
QF represents the average (integral) 1-D mass of unit i for given lithology  at some

earlier time, assuming the pore spaces were filled by marine water,

of = | (05D pu + [1-0F@)] - (o)} dz
D;
= ()i Ti + [w = (Pg)ic] - CF - BE(0) - e7Pi/E - [1 =T/l (12)

, where (pg) represents the averaged density of sediment grain for each lithology & in

unit i. We applied the means and standard errors of the grain densities for sandy, muddy,
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and mean marine sediments (for pebbly mudstone) respectively from previously
published data (Lee et al., 2019) (Supplementary Figure 8; Supplementary Data 4).

Uncertainties of all input parameters were considered in the analysis. Thus, we were
able to estimate the uncertainties of calculated tectonic subsidence (¢;) and decompacted
total subsidence (o;) through Gaussian error propagation or delta method (Supplementary
Data 4). Throughout the analysis, we found that the primary source of error is the
present-day (non-decompacted) thickness of each unit (T}), followed by uncertainties in
paleobathymetry estimates (W;).

Lastly, we plotted the subsidence history (i.e., geohistory) diagrams for northern
and southern composite sections, which show changes in depth of basement [i.e.,
decompacted total subsidence (o;)] and calculated corresponding amount of tectonic
subsidence ({;) through time (Figure 3b—c). The amount of total subsidence prior to
decompaction correction was also plotted as a standard convention. The position of
basement top at the beginning of subsidence for each composite section was
reconstructed by projecting along the oldest segment of subsidence curve to the sea level
(0 km). This indicates the end of formation of the basal unconformity (Dorsey, 1992;
Lundberg & Dorsey, 1988), which is characterized by a broad erosive surface that formed
near sea level and is capped by discontinuous thin (ca. 50-200 m) deposits of shallow-
marine limestone (Kangkou Limestone, from 5.57-4.37 Ma to 4.31-3.47 Ma) and
limestone-clast bearing epiclastic rocks (Biehchi Epiclastic Unit, from 5.53—4.31 Ma to
3.82-3.35 Ma) (Huang & Yuan, 1994; Lai, Dorsey, et al., 2021) (Supplementary Figures
1-2).

4. Data availability
Data presented in this paper are provided in Supplementary Data 14 (Microsoft Excel
spreadsheets) and permanently stored at https://doi.org/10.6084/m9.figshare.19350530.

5. Code availability
Analyses and production of figures were conducted using R version 4.0.3. All scripts and

data in required formats are freely available at https://doi.org/10.5281/zenod0.5823613.
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6. Bridge

Chapter III highlights dynamic up-and-down crustal motions that took place
during accretion of the Luzon Arc crust at the suture zone of Taiwan’s arc-continent
collision. The results reveal rapid basin subsidence and succeeding exhumation of
unmetamorphosed rocks at extreme vertical rates ever documented. Owing to
unprecedently high-resolution controls of depositional age by magneto-biostratigraphy,
this study provides new constraints about the timing of tectonic reorganizations, and the
maximum age of modern Coastal Range topography. This case study also confines the
possible shortest timescale (<500 thousand years) required to create a steep mountain
range by structural inversion of a deep-water sedimentary basin. This Coastal Range is
now subject to rapid erosion in response to rapid rock uplift and generating massive
amounts of sediments in the progress of a new stage of crustal recycling. The topographic
gradient of this mountain fundamentally set the style and efficiency of erosion processes
and sediment production, but the controls of current landscape patterns in the Coastal
Range was poorly studied. In the following Chapter IV, I present results of geomorphic

analysis in order to explore how surface processes shape this rapidly uplifting terrain.
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CHAPTER IV
COARSE SEDIMENT SUPPLY SETS THE SLOPE OF BEDROCK CHANNELS IN
RAPIDLY UPLIFTING TERRAIN: FIELD AND TOPOGRAPHIC EVIDENCE FROM
EASTERN TAIWAN

This chapter has been published as Lai, L. S.-H., Roering, J. J., Finnegan, N. J.,
Dorsey, R. J., and Yen, J.-Y. (2021) Coarse sediment supply sets the slope of bedrock
channels in rapidly uplifting terrain: Field and topographic evidence from eastern
Taiwan. Earth Surface Processes and Landforms, 46(13), 2671-2689. I and Jiun-Yee Yen
conducted field geomorphic surveys, measurements, and data acquisition. I am the lead
author on the paper, which involved data synthesis, programming for topographic
analysis, theoretical analysis, preparation of figures and tables, and writing the entire
manuscript. Joshua J. Roering, Noah J. Finnegan, and Rebecca J. Dorsey assisted with
conceptualizing the research, developing theoretical framework, data interpretation, and

editorial feedback.

1. Introduction

River incision is a major driver of landscape evolution, controlling the relief and
shape of mountainous topography on the Earth’s surface (Hilley et al., 2019; Whipple et
al., 2013). The rate of incision in bedrock river channels is widely assumed to scale with
basal flow shear stress or the rate of potential energy dissipation (i.e., stream power)
(Howard & Kerby, 1983; Lague, 2014; Whipple & Tucker, 1999). In this framework, the
channel steepness of graded bedrock rivers (i.e., rivers with smoothly concave-up profiles
following Flint (1974)) is often used as a topographic proxy for erosion rate that is used
to detect spatial patterns of tectonic uplift rate, climate forcing, and bedrock erodibility
(Kirby & Whipple, 2012; Whipple, 2004; Wobus et al., 2006). However, theoretical
studies, experiments, and field evidence demonstrate that coarse sediment supply governs
incision processes and sets channel slopes (Chatanantavet & Parker, 2008; Cowie et al.,
2008; Finnegan et al., 2017; Johnson et al., 2009; Sklar & Dietrich, 1998). Coarse
sediment can act as a primary driver for bedload abrasion and debris-flow scour (i.e., the

so called “tools effect”), which causes bedrock erosion (Sklar & Dietrich, 2001).
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Sediment also can limit exposure of the bed to wear and weathering (i.e., the cover
effect), thus reducing incision (Shobe et al., 2016; Whipple & Tucker, 2002). The
production of gravel-size (diameter >2 mm) sediment from hillslope sediments has also
been highlighted as a critical factor in controlling downstream bedload transport, and it
may be related to source rock lithology, weathering type, and hillslope gradient (Attal et
al., 2015; Marshall & Sklar, 2012; Roda-Boluda et al., 2018; Sklar et al., 2017).

Despite their well-known importance, sediment effects are seldom incorporated
into stream-power based analyses of fluvial landscapes, particularly in rapidly uplifting or
eroding mountains where high coarse-sediment fluxes are well-documented in channels
(e.g., DiBiase et al., 2018; Whittaker et al., 2010) and adjacent sedimentary basins (e.g.,
Allen et al., 2013; Dubille & Lavé, 2015). As a result, two questions persist in tectonic
geomorphology: (1) what is the relative importance of sediment supply effects in setting
channel slope? and (2) can the effects of sediment supply and caliber set channel slopes
in steep, rapidly eroding landscapes, rather than the commonly invoked factors of uplift
rate, flow discharge, and rock resistance to erosion?

Previous observations in fast-eroding, landslide-dominated landscapes across a
range of climate and tectonic settings reveal the potential insensitivity of channel
steepness to high (>0.6-1 mm-yr™") rates of uplift or erosion (Adams et al., 2020; DiBiase
et al., 2010; Fellin et al., 2017; Hilley et al., 2019; Ouimet et al., 2009; Yanites et al.,
2018). Yet the mechanisms underlying these observations remain poorly understood.
Most of these studies were conducted in regions with relatively uniform bedrock and
analyzed with stream-power based incision models. In fact, sediment effects, especially
coverage effects, are still overlooked in the derivation of the stream-power model
(Venditti et al., 2020). Several studies have begun to address how sediment may
influence channel slope by empirically correlating the nonlinear relationship between
channel steepness and fast erosion rates to adjustments in numerical constants, and/or by
embedding sediment-flux dependent variables into the stream-power model (Adams et
al., 2020; Gasparini et al., 2006; Hilley et al., 2019; Ouimet et al., 2009; Whipple &
Tucker, 2002). These modifications are indirectly supported by observations of channel
widening in sediment-rich channels (Finnegan et al., 2007; Lavé & Avouac, 2001;

Yanites & Tucker, 2010) and variability of water discharge associated with the threshold
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of sediment entrainment (DiBiase & Whipple, 2011; Lague et al., 2005). However, the
extent to which these amendments honor the basic assumptions behind stream-power
models (e.g., incision rate scales with basal shear stress of the mean flow discharge)
makes it difficult to constrain incision mechanisms due to ambiguities in model
parameterization (Duvall et al., 2004; Tomkin et al., 2003; van der Beek & Bishop,
2003).

In a few cases, mechanistic incision models that consider both tools and cover
effects have successfully predicted the threshold for influence of sediment entrainment
and coarse sediment flux on channel slope (Chatanantavet & Parker, 2009; Sklar &
Dietrich, 2004). Despite the physical basis for this sediment-driven approach, it is
difficult to constrain or approximate the relevant parameters in natural settings, and
therefore sediment-driven models are infrequently applied to explain orogen-scale fluvial
landscape (Sweeney & Roering, 2017; Venditti et al., 2020). Thus, considerable
uncertainty remains regarding the extent to which channel steepness is set by coarse-
sediment load, and hence whether channel steepness encodes local tectonic processes in
rapidly uplifting regions (Finnegan et al., 2017).

In this study, we develop a field-based application of a mechanistic incision
model — the saltation-abrasion model (Sklar & Dietrich, 2004, 2006) — to quantitatively
assess the influence of sediment effects on fluvial bedrock channel slope in Taiwan, one
of the fastest uplifting terrains on Earth. We investigate channels with varying substrate
lithology and sediment source rock in the Coastal Range of eastern Taiwan, and compare
analytical outcomes to independently constrained bedrock strength, uplift rate, and
precipitation. The results suggest that channel steepness is insensitive to uplift rate and
river discharge, and indicate the prevalence of sediment-controlled incision processes.
We conclude that, in this setting, bedrock lithology exerts the main control on channel
slope by modulating the supply and caliber of coarse sediment supply from landslide-

dominated hillslopes.
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Figure 1. Study area. (a) Simplified geological map, modified from Hsu (1956); Lai, Dorsey, et
al. (2021); Wang and Chen (1993), and analyzed catchments in the Taiwan Coastal Range. Inset
shows location of the mountain range. White lines are major roads. Black outlines are catchments
with field measurements. Abbreviations of lithologies: Volc = volcanic rocks; Sed = sedimentary
rocks; Cgl = conglomerate; Mdt = mudstone and flysch. (b) Rates of uplift and incision (see cited
data in Table S1). (c) 1949-2018 mean annual precipitation (Water Resources Agency, 2019).
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2. Geological setting
2.1. Taiwan Coastal Range

The Coastal Range of eastern Taiwan (Figure 1(a)) is composed of deformed
oceanic forearc crust of the Philippine Sea plate that has accreted to metamorphic
continental crust in the Central Range during the past ca. 1 Myr as a result of active arc-
continent collision (Lai, Dorsey, et al., 2021; Lundberg & Dorsey, 1990). River
catchments in the Coastal Range are formed on steeply dipping (up to ~90° or
overturned) strata with large contrasts in bedrock strength between Plio-Pleistocene
marine foredeep basin deposits (Lichi Mélange, Paliwan and Fanshuliao Formations;
mudstone, flysch, and locally abundant conglomerate) and underlying Miocene volcanic
basement (Tuluanshan Formation; volcanic and volcaniclastic rocks with minor
limestone) (Figure 2(a)) (Dorsey, 1992; Wang & Chen, 1993). Hillslopes are
characterized by ubiquitous landslide scarps. Local low-relief transient surfaces at the top
of some major drainage divides (Hsieh et al., 2017) are superposed on geological
structures (fold axes and thrusts). These observations indicate that the landscape of the
Coastal Range mainly reflects a pattern of differentially eroded bedrock lithologies and
structures (Hsieh et al., 2020; Lai, Dorsey, et al., 2021), and does not preserve a
topographic signal inherited from older (Miocene) volcanic islands (cf. Hsieh et al., 2017;
Hsieh et al., 2011; Lai & Song, 2013).

Holocene rates of rock uplift along the coast are constrained by 10°-10* year-scale
marine terraces, and generally increase from ca. 1.8 mm-yr! in the north to ca. 11.8
mm-yr’! in the south (Figures 1(b), 3(a)) (Chen et al., 2020; Hsieh & Rau, 2009).
Tectonic uplift initiated ca. 1 Ma, as indicated by the age of the youngest marine
sedimentary rocks in the whole Coastal Range (Huang et al., 2018; Lai, Dorsey, et al.,
2021). Using the highest elevation of Miocene volcanic basement rock on the range crest
(~1.6 km), thickness (~4-6 km) and paleo-depositional water depth (up to ~1.5-2 km) of
Plio-Pleistocene marine sedimentary rocks (Ingle, 1975), the geologically averaged uplift
rate is roughly 5.6-9.6 mm-yr'! over the past ca. 1 Myr (Lundberg & Dorsey, 1990),
consistent with rates derived from marine terraces in the central Coastal Range
(Changpin-Danman area; Figure 1(b)). Incision rates calculated over 103-10* yr

timescales based on incised river terraces increase from east to west across the Coastal
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Range (Figure 1(b)) (Hsieh et al., 2017; Shyu et al., 2006), and display high variability
that may reflect stochastic downcutting over millennial timescales (Finnegan et al.,
2014). Catchment-averaged erosion rates are unavailable in the study area due to absence
of quartz-rich sediment suitable for cosmogenic nuclide analysis. Nonetheless, several
locations in the coastal area exhibit similar independently-measured incision and uplift
rates (Figure 3(a)), suggesting a quasi-equilibrium in which downstream graded channels
are adjusted to the modern base-level (e.g., Duvall et al., 2004; Kirby & Whipple, 2012).
In contrast to the strong spatial variability of rock uplift and incision, the Coastal
Range experiences relatively similar precipitation along the range (ca. 1.5 to 2.7 m/yr),
with a slight decrease toward the south (Figures 1(c), 3(b)) (Water Resources Agency,
2019) and no detectable long-term change in annual precipitation over a half-century
record (Yu et al., 2006). Under the tropical-subtropical monsoon climate system, about
79% of precipitation falls between May and October and mostly accumulates during short
events like monsoon storms and typhoons (on average 3.6 per year) (Chen & Chen,

2003), indicating the influence of episodic large floods.
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Figure 2. Channel analysis. (a) Example of channel selection from Danman area (catchment
#DMO02-06). (b) Compiled slope-area data from all analyzed fluvial bedrock channels (Figure 1a),
showing strong dependence of channel steepness on lithologies of bed substrate and upstream
sediment source.
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Figure 3. Geomorphic measures and natural forces in the coastal catchments of the Taiwan
Coastal Range, plotted along N20°E orientation from the North. (a) Inferred coastal uplift
rates from marine terraces and fluvial incision rates from river terraces (Figure 1c). (b) Span of
mean annual precipitation in coastal catchments, projected from Figure 1(c). (c) Best-fit channel
concavity (0) for analyzed channels and the mean concavity for all data and its deviation. (d)
Channel steepness index (K, ) and its standard error based on reference concavity (Or.r) 0.45 for
analyzed channels. (¢) Mean hillslope gradient along analyzed reaches. Uncertainties are the
standard errors of the data or means. See data in Table S1 and measured area of hillslope gradient
in Figure S1.
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2.2. Study catchments

In this study we focused on east-coast river catchments where uplift and
precipitation are best constrained (Figure 1(a)). Six areas were selected, covering the full
range of uplift rate and precipitation with similar distributions of bedrock lithologies
(volcanic basement along the ridge crest and sedimentary rock at lower elevations) (Hsu,
1956; Lai & Teng, 2016; Wang & Chen, 1993). Studied channels are generally
perpendicular to the regional bedding strike (Figure 2(a)). We avoided catchments
crossing geological structures (both active and inactive) to minimize areas of pervasive
rock fracture (DiBiase et al., 2018; Neely et al., 2019) and potential local base-level set
by downstream hard rocks (Forte et al., 2016). We classified reaches into groups with
different substrate lithology: (1) reaches with volcanic rock substrate; (2) reaches with
conglomerate substrate (only in the Shuilien area); and (3) reaches with mudstone and
flysch substrate. Channels that cross the dipping depositional boundary between volcanic
rocks and overlying sedimentary rocks often exhibit pronounced slope breaks. For this
scenario, we separated channel segments into different groups with corresponding
substrate rock type and analyzed them separately. In addition, we further subdivided
reaches with mudstone and flysch substrate into groups with or without connection to
headwaters developed in volcanic rocks to evaluate the influence of sediment supply on
downstream reaches with similar substrate. This allows us to independently assess the
relative role of channel-slope controlling factors (rock uplift, precipitation, substrate type,
and sediment supply).

Although catchments involving known active structures are excluded, the
presence of ancient thrusts and antiformal axes near the western headwaters in analyzed
catchments may imply a higher uplift rate over longer timescales (10>-10° yr) (Shyu et
al., 2006) (Figure 1). Along-profile (west-east) variation of uplift rate and associated
orographic precipitation could affect channel profiles over geological timescales (Kirby
& Whipple, 2001). Therefore, we restricted our analyses to channels downstream of the
lowest identified knickpoints (Table S1), which likely have reached an approximate
balance between erosion and rock uplift (Kirby & Whipple, 2012). Additionally, uplift
rates within individual catchments are relatively uniform compared to the strong north-

south changes (Figures 1(b, c), 3(a, b)). The small cross-strike length of studied
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catchments (<8 km) compared to the large along-range (north-south) distance over which
uplift rates were measured (ca. 137 km) also reduces the likelihood of significant uplift
gradients within the studied channel profiles (Figure 1). Thus, our analysis assumes that
published millennial rates of uplift measured along the coast are representative of

catchment-average rates, and the effect of orographic precipitation is minimal.

3. Theoretical background
3.1. Flint’s Law and channel slope

The slope of fluvial bedrock channel profiles (S7) tends to have a power-law
relation with upstream drainage area (A) (Flint, 1974),

Sy =K, A™® (D
where K and 6 are indices of channel steepness and concavity. Because the value of
concavity index usually falls in a relatively restricted range, one can apply a constant
reference concavity (6,.) in a particular setting and modify Equation (1) to derive
normalized steepness index (K, ) that allows effective comparison of the steepness of
channel profiles over various geological conditions (Wobus et al., 2006),

Ky = Sp A% (2)

As a presupposition of the stream-power model, the normalized steepness index (Kj,,) is
expected to vary with rock uplift rate (relative to base level), lithology, and climate
(Kirby & Whipple, 2012; Whipple et al., 2013). Therefore, K, has been extensively used
as a topographic metric or proxy to interpret tectonic forcing (e.g., DiBiase et al., 2010;
Duvall et al., 2004; Ouimet et al., 2009).

To avoid uncertainties of DEM data noise in K, calculation and better identify
knickpoints, an alternative method is the integral transformation () transformation) of the
downstream coordinate that removes the effect of drainage area in Equation (2) (Perron

& Royden, 2013),

Ksn ) X AO Qref
z(x) = z(xp) + —5— x with y = f (—) dx 3)
Ay x VA

where z(x;,) is the base level elevation at outlets x;,, z(x) is the elevation at the distance

x from outlets, and A, is an arbitrary reference drainage area. In this framework, (dz/dy)
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linearly scales with K. Abrupt changes in dz/dy along the linearized profile therefore
define the presence of knickpoints.

3.2. Slope component analysis using a mechanistic model

To address the dominant physics in formulating channel slope, Sklar and Dietrich
(2004, 2006) developed a mechanistic model for bedrock incision by assuming that bed
erosion only occurs when bedrock at the channel bed is exposed to bedload impacts and
abrasion during floods (high flows). The model casts the slope of bedrock channels (Sy)
as the sum of three components, where,

St = Sp, + A4Sy, + ASg (4)

Sp, 1s the slope required for floods to exceed the threshold of sediment motion. Because
flow basal shear stress increases linearly with channel slope for given hydraulic radius
(Finnegan et al., 2017), the Sp_ term can be derived from the critical Shields stress (7.7),
a non-dimensionalization of threshold flow basal shear stress necessary for sediment

entrainment for a given submerged grain weight,

¢ RpDs
Sp, = =3, (5)

where 7. can be estimated through an empirical function with channel slope [7,.* =
0.15- STO'ZS] (Lamb et al., 2008); R, is the non-dimensional buoyant density [R; =
(ps — pw)/pw], which is calculated from flow density (p,,) and sediment density (py); Dy
is the particle diameter; R}, is high-flow hydraulic radius, which can be calculated by
assuming a rectangular channel cross-section [R, = H/W / (ZHf + W)] with high-flow
channel width (W) and depth (Hf).

AS,, describes the excess slope (above Sp_) needed to generate flood sediment
discharge that accommodates the upstream sediment flux and initiate incision on exposed

bedrock, where,

2/3

T* represents the high-flow Shields stress [t* = RSy /R, Ds]; Qs and Q. are the flux of

upstream sediment and the sediment transport capacity by floods, respectively. The

relative transport capacity by floods can be empirically approximated by the fraction of
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bedrock exposure (F,) on channel bed [Qs/Q, = 1 — F,], assuming that the extent of
observed bedrock exposure is representative of the average state of the bed, and the long-
term averaged periodicity and intensity of floods do not vary significantly (Chatanantavet
& Parker, 2008).

ASy, represents the additional slope necessary for incision to match rock uplift and
convolves the percentage of bed exposure and the energy delivered to the bed per unit
bedload impact. Once Sr, Sp_, and AS,_ are constrained first, ASg can be derived through
Equation (4).

In order to explore the patterns of these slope components independent of
drainage area, we can apply Equation (2) to calculate the normalized steepness index for
all terms in Equation (4),

Kon = (Sp, + ASq, + ASp) A%rer = K% + K& + K&, 7)

This approach provides a direct way to quantify the relative importance of

sediment effects on setting the channel steepness by partitioning it into transport-limited
terms (K, gf and K _35) and a detachment-limited term KZ,. In coarse-sediment starved

channels, K. gf and K, SQ,f may be negligible such that channel steepness is governed by KZ,.
In these settings, the model predicts strong correlation among channel steepness (K, ),
bedrock strength, and rock uplift (erosion) rate, in agreement with the traditional stream-

power model (Wobus et al., 2006). By contrast, KSDnS and KSQ,f play dominant roles in
coarse-sediment rich channels (Johnson et al., 2009). Under these conditions, the model
predicts that channel steepness should vary primarily with bedload flux and grain size

rather than uplift (erosion) rate and bedrock strength.

3.3. Channel width
Channel width (W), a crucial factor controlling basal shear stress and incision,
typically exhibits a power-law relationship with upstream drainage area (4) due to its
dependence on water discharge (Montgomery & Gran, 2001),
W =K, AP (8)
where K, is a scaling coefficient representing the channel wideness, and b is an empirical

exponent. Once a regional reference b value is constained (b, 5), normalized wideness
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(Kyyn) can be derived as channel width proxy independent of drainage area or flow
discharge (Yanites & Tucker, 2010),
Kyn = W A bret 9

4. Methods
4.1. Digital elevation model analysis

To constrain topographic measures necessary for analyses, we used the MATLAB
codes from the TopoToolbox 2 (Schwanghart & Scherler, 2014) and the Topographic
Analysis Kit (Forte & Whipple, 2019) to extract channel slope (S7) and upstream
drainage area (A) along channel profiles from 5-m resolution Digital Elevation Model
(DEM) in analyzed catchments and conduct further calculations. We restricted our
analysis to fluvial reaches where channel slope progressively decreases with drainage
area (Duvall et al., 2004), avoided steep upland colluvial channels by setting a threshold
drainage area for each substrate rock type (e.g., 10° m? for volcanic reaches and 10* m?
for sedimentary reaches), and manually excluded downstream segments subject to thick
alluvium or uncertainties of wide terraces where channels are narrower than a single grid
cell (5 m) of DEM data (Figure 2(b)). Small patches of high-elevation, low-relief
transient surfaces can be observed in few study catchments (SL04-05, SS01-03, CK12)
(Figure S2) (Hsieh et al., 2017), but these areas only exist in the excluded colluvial
regime of volcanic watersheds [A < 10° (m?)] that do not affect our analysis.

We apply the “y-disorder method" to find the best-fit concavity index (6) for each
analyzed reach that minimized the variability of elevation (z(x)) for given similar y
values in Equations (3) (Hergarten et al., 2016). Steep reaches with extremely low
concavity index (e.g., 8 <0.1) near headwaters, indicating debris-flow dominated
channels, are further excluded (Penserini et al., 2017). In calculating normalized channel
steepness (K, K SD,f, ngf, and K£, in Equations (4) and (7)), the reference concavity (8,.f)
is set to the global average 0.45 as the matter of convenience for readers to compare their
results to this paper (Kirby & Whipple, 2012). This value is within the uncertainty (one
standard deviation) of the mean concavity in the Coastal Range (8 = 0.55+0.16, see
details in Results) (Figure 3(c)). By setting the arbitrary reference drainage area (4,) in

Equation (3) as 1 m? and the base level as sea level [z(x;) = 0 (m)], the slope of
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linearized river profile (dz/dy) is equivalent to K, and is used to identify knickpoints
(Perron & Royden, 2013). K, values on the basis of regional average concavity (0,.r =
0.55) are also calculated (Figure S1). For the purpose of this study, we focus on K,
calculated from profiles downstream of all identified knickpoints (not including the slope
break between volcanic substrate and sedimentary substrate) (Figures S2, S3) and
calculate their mean value in each catchment for further comparison against uplift rate,
precipitation, bedrock strength, and sediment size (Table S1).

Mean hillslope gradient adjacent (125 m) to each population of analyzed reaches
was also extracted to examine whether the source areas have attained sufficiently steep
slopes suggestive of landslide-dominated sediment production (Figure S2) (Montgomery
& Brandon, 2002). Instead of calculating mean gradient for the whole catchment, our
method enables us to obtain relevant hillslope data by eliminating uncertainties generated
from upland transient surfaces, wide marine terraces, and alluvial fans (Hsieh et al., 2017;

Hsieh et al., 2011).

4.2. Field constraints on physical parameters

We conducted channel surveys at 31 sites across the mountain range during non-
flood days, spanning regions with different uplift rate, mean annual precipitation, and all
combinations of reaches with varying rock types of substrate and sediment source
(Figures 1(a), S1). To address sediment transport capacity and river hydraulics (e.g.,
high-flow hydraulic radius (R}) in Equations (5) and (6)), we measured high-flow
channel width (W) and depth (H) at each site on markers of seasonal floods such as
stranded debris, vegetation, and scoured channel wall (Figure 4(a)). The values of
measured W along with DEM extracted drainage area (A) are also used to calibrate the
best-fit reference exponent (b,..5) in Equation (9) for calculating normalized channel
wideness (K,,,,). For grain size analysis, we used the Wolman pebble count procedure
(Wolman, 1954) for ~100 channel bed grains to record intermediate grain diameter and
clast lithology, and we apply the 50th and 84th percentiles of grain diameter (Dso and
Ds4) as representatives of Dg in Equations (5) and (6)). We simultaneously estimated the
bed exposure percentage (F,) by the fraction of steps on the channel bed with thin sandy

sediment or exposed bedrock, which is an empirical proxy of relative transport capacity
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Figure 4. Representative field photos. (a) Field photo of at site CC-2. (b) Aerial image of at site
TCC-1. (c) Aerial image of at site TCC-4. (d) Aerial image of at site CLS-2. See locations in
Tables 1, S2, and Figure S1.
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by floods for Equation (6) (Chatanantavet & Parker, 2008). Bed exposure is also
independently measured through point counts with drone aerial imagery at sites with
limited vegetation cover (Figure 4(b, ¢, d)). To represent the relative strength of different
channel substrate, we apply Schmidt rebound hammer tests on fresh bedrock exposed at
the base of channel bank (Shobe et al., 2017) and convert the reading to uniaxial
compressional strength values. Lastly, we constrained the non-dimensional buoyant
density (R,) in Equations (5) and (6) with assumed flow density [p,, = 1000 kg/m?] and
published mean bedrock density as sediment density [ps = ~2432 kg/m?] (Sinotech
Engineering Consultants Inc., 2006).

5. Results

Results from topographic analysis reveal that the best-fit concavity index (8) for
analyzed channels varies mainly between 0.4 to 0.7, with a mean and standard deviation
0f 0.55+0.16 (Figures 3(c)). The mean 8 and its variation do not change significantly
among different substrate lithology, with 0.53+0.13 in volcanic rocks regions, 0.55+0.15
in mudstone and flysch regions, and 0.49+0.18 in conglomerate regions (Table S1). For
reaches with mudstone and flysch substrate, the 8 value is higher when connected to
headwaters in volcanic rocks (0.60+0.15) compared to those only linked to mudstone and
flysch hillslopes (0.50+0.14) (Figures 3(c)).

When applying the global average 0 as the reference concavity index (Orer = 0.45)
(Kirby & Whipple, 2012), the normalized channel steepness K, (downstream of all
identified knickpoints) in the Coastal Range has no statistically significant relationship
with rock uplift rate and mean annual precipitation (Figures 3(d), 5(a, b)). Instead, K,
has a strong dependence on the lithology of the channel substrate and sediment source
rock (Figure 2(b)). Channels in volcanic rocks are consistently steeper than conglomerate
regions, followed by mudstone and flysch areas. For mudstone and flysch reaches, Ky, is
systematically higher (~2 times) when connected to volcanic headwaters. These of K,
patterns remain identical while applying different Bref such as the regional mean (0.55)

(Figure S1).
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Figure 5. Functions of channel slope and hillslope gradient. (a-b) Normalized channel
steepness (K, , based on B..r = 0.45) plotted against local uplift rates and mean annual
precipitation. (¢) Mean hillslope gradient along analyzed reaches plotted against local uplift rates.
(d-f) Local K, at each field site plotted against bed substrate uniaxial compressive strength (o)
and bed sediment grain size (Dso and Dsy). Uncertainties are the standard errors of the data or
means. Dash lines and shades show linear regressions and 95% confidence intervals.
Abbreviations of channel categories: Volc = reaches in volcanic rocks; Cgl = reaches in
conglomerate; Mdt(v) = reaches in mudstone and flysch with volcanic headwaters; Mdt(m) =
reaches in mudstone and flysch without volcanic headwaters. See data in Tables 2 and S1.

During analysis, sporadic knickpoints were identified within our analyzed fluvial
reaches (Figure S2). These localized knickpoints occur at a wide range of elevations
(Figure S3) and align with regional bedding strike, suggesting their affinity to substrate
variability, likely (1) exotic blocks (i.e., olistoliths) embedded in sedimentary units (e.g.,
CP09,11; DM10; TL14,16,17) (Lai, Dorsey, et al., 2021; Page & Suppe, 1981; Song et
al., 1994); (2) interbedded muddy turbidities within conglomerate units (e.g., SLOS)
(Wang & Chen, 1993); (3) remnants of thick Quaternary mass-flow fans (e.g.,CP03;
CKO08; TL12,14,15) (Hsieh et al., 2011); (4) interbedded lava flows or sills (e.g., CK03)
(Lai & Song, 2013), rather than tectonic-driven processes (Wobus et al., 2006). Because
channels above identified knickpoints have been initially excluded from our analysis,

these lithology controlled knickpoints should not influence our findings.
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Hillslope gradient shows a similar relationship to bedrock lithology and uplift rate
(Figures 3(d), 5(c)). Catchments in volcanic rocks and conglomerate tend to have steeper
hillslope gradient (30-50°) than those in mudstone and flysch (10°-30°). Given relatively
invariant hillslope gradient values across a wide range of uplift rate and the presence of
ubiquitous landslide scarps near drainage divides (Hsieh et al., 2017), hillslopes in our
study area have likely attained threshold values for each rock type. As a result, the sum of
mass-wasting products should approximate the amount of erosion (or uplift)
(Montgomery & Brandon, 2002).

Our field data reveal that local K, at each field site correlates with substrate
strength and river sediment grain size (Figure 5(d, e, f), Table 1). In general, bed
sediment size (Dso and Ds+) exponentially decays downstream (Sternberg, 1875) and is
about twice as a coarse in reaches connected to conglomerate and volcanic watersheds
(Figures 5(a, d), 6(a, b)). This is confirmed by the composition of channel bed gravels in
which larger clasts are more associated with resistant lithology (e.g., andesite and
limestone eroded from volcanic; clasts of meta-sandstone and ophiolitic rocks recycled
from conglomerate) (Figure 6 (c, d)).

To evaluate potential signals of channel width adjustments to increases of
sediment coverage, normalized channel wideness (K,,,,) 1s calculated for each field site
through Equation (9) based on a reference exponent 0.34 (b,..5) obtained from power-law
regression between measured high-flow channel width and upstream drainage area [W =
0.062 A%34] (Figure 7(a)). Our data shows that the K, is independent of K, uplift rate,
and annual precipitation but is generally higher in mudstone and flysch reaches connected
to volcanic rock sources (Figure 7(d, e, f), Table 2). Notably, wider channels (i.e., greater
K, ) appear more frequently in areas experiencing faster uplift rate, where higher
sediment flux is expected under a steady-state assumption (erosion ~ uplift). Thus,
dynamic width adjustment in response to varying sediment flux may act as an ancillary
mechanism on setting channel slope (i.e., modulating hydraulic radius (R}) in Equations

(5) and (6)) (Finnegan et al., 2005; Yanites et al., 2018).

Results from our slope component analysis reveal the sums of K. SD,f and KSQ,f
approximate the observed steepness (local K,,), and KE, values tend to be small (up to

~12% of the local Kj,,) due to limited (<19%) bedrock exposure but with large
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Table 1. Parameters constrained from DEM and field measurements (with standard errors of the means) for analyses. See raw data and

field site coordinates in Table S2.

Catch.

Channel

number category’ Field sites o(MPa) Fe W (m) Hy(m) Dso(m)  Dss(m) A (m?) Local St Hillslope (°)
TLO6 Volc TCC-1 39.0+£5.3 0.068+0.068% 8.00+0.36 2.50+0.14 0.082 0.230 2685925 0.0835+0.0064 39.8+7.6
TLO6 Mdt(v) TCC-2 17.5+4.2 0.019+0.012% 15.30+1.50 2.40+0.14 0.091 0.277 2712275 0.0785+0.0021 20.0+£6.4
TLO6 Mdt(v) TCC-3 16.6£5.6 0.060+0.006 18.10+0.10 2.60+0.40 0.089 0.200 3419250  0.0418+0.0009 20.0+£6.4
TLO6 Mdt(v) TCC-4 17.0+4.8 0.127+0.087% 18.45+3.05 2.50+0.30 0.063 0.126 4490700  0.0360+0.0014 20.0+£6.4
TL15 Mdt(m) CLS-1 14.444.5 0.031+0.003 4.30+0.36 2.60+0.14 0.046 0.120 170125 0.0880+0.0152 21.4£7.0
TL15 Mdt(m) CLS-2 13.9+6.0% 0.190+0.025% 9.00£1.00 1.55+0.15 0.022 0.037 1088200 0.0180£0.0019 21.4£7.0
TL14 Mdt(m) CC-1 13.9+6.0¢ 0.045+0.045% 4.50+0.50 1.60+0.40 0.037 0.094 506400 0.0818+0.0038 25.546.9
TL14 Mdt(v) CC-2 14.9+3.5 0.115+0.115% 13.30+2.50 2.10+0.10 0.083 0.167 1511825 0.0885+0.0016 24.8+7.5
TL14 Mdt(v) CC-3 10.1£3.9 0.015+0.015% 8.50+0.50 1.65+0.05 0.076 0.150 2859275 0.0262+0.0008 24.8+7.5
CP09 Mdt(v) DD-1 13.9+6.0% 0.041+0.041°% 9.00+0.70 2.25+0.05 0.094 0.156 1339175 0.0645+0.0069 24.4+8.8
CP09 Mdt(v) DD-2 13.9+6.0% 0.020+0.020% 12.65+0.55 1.75+0.05 0.057 0.112 3715800  0.0354+0.0005 24.4+8.8
CP09 Mdt(v) DD-3 13.9+6.0% 0.150+0.140% 11.70+0.40 1.85+0.15 0.095 0.162 4034550  0.0386+0.0008 24.4+8.8
CP09 Mdt(v) DD-4 13.9+6.0% 0.020+0.002 11.70+0.50 1.75+0.05 0.063 0.140 4268700 0.0315+0.0003 24.4+8.8
CP09 Mdt(m) DD-5 13.9+6.0% 0.000+0.000% 5.80+0.83 1.64+0.14 0.056 0.164 912325 0.1033+0.0070 27.6+6.5
CP11 Mdt(m) NSB-1 13.946.0% 0.030+0.003 4.20+0.40 1.50+0.10 0.029 0.066 1167800  0.0276+0.0032 23.446.0
SS06 Mdt(m) WTS-1 15.8+2.7 0.040+0.001°% 4.60+0.60 1.45+0.15 0.085 0.209 468650 0.1785+0.0134 31.8+£5.5
SS06 Mdt(m) WTS-2 15.543.5 0.150+0.015 3.55+0.65 1.80+0.20 0.023 0.085 1546350  0.0364+0.0016 31.8+£5.5
SS06 Mdt(m) WTS-3 15.1£4.9 0.120+0.012 5.25+1.45 1.55+0.05 0.027 0.116 1656675 0.0524+0.0023 31.8+5.5
SS02 Volc BG-1 39.549.5 0.000+0.000 3.10+0.10 1.10£0.20 0.133 0.245 500450 0.1882+0.0078 33.6+7.9
SS02 Volc BG-2 39.1£3.7 0.005+0.005% 7.20£1.10 1.65+0.05 0.096 0.210 1760200 0.1969+0.0068 33.6+£7.9
SS04 Mdt(v) SS-1 14.0£5.3 0.029+0.003 7.95+0.25 1.50£0.10 0.083 0.213 677900 0.1054+0.0083 23.84+4.6
SS04 Mdt(v) SS-2 14.2+5.6 0.021+0.009% 7.45%1.15 1.80+0.10 0.085 0.159 857925 0.0807+0.0045 23.8+4.6
SS04 Mdt(v) SS-3 17.4+7.6 0.040+0.004 7.80+0.60 1.75+0.05 0.065 0.134 984650 0.1152+0.0073 23.8+4.6
SLO7 Cgl SRB-1 11.0+4.5 0.040+0.004 2.46+0.20 3.04+0.09 0.098 0.207 997975 0.0591+0.0061 37.7+8.8
SLO7 Cgl SRB-2 22.246.0 0.040+0.004 6.00+£0.30 1.79+0.26 0.072 0.164 1186400  0.0680+0.0080 37.7+8.8
SLO7 Cgl SRB-3 13.1£5.4 0.020+0.002 10.93+0.69 1.52+0.16 0.063 0.123 2276175 0.0345+0.0027 37.7+£8.8
SLO7 Cgl SRB-4 11.4+2.2 0.049+0.005 10.18+0.91 1.55+0.05 0.086 0.162 2610425 0.0323+0.0072 37.7+£8.8
SL06 Cgl GTS-1 13.8+6.7 0.010+0.001 3.40+0.90 2.04+0.07 0.080 0.122 3683775 0.0604+0.0034 34.4+12.4
SL06 Cgl GTS-2 13.9+6.0% 0.010+0.001 8.65+0.45 2.104£0.10 0.075 0.138 4155300 0.0259+0.0012 34.4+12.4
SL06 Cgl GTS-3 13.946.0% 0.030+0.003 8.50+0.90 2.40+0.10 0.071 0.112 5770675 0.0321£0.0013 34.4+12.4
SL06 Cgl GTS-4 13.9+6.0¢ 0.010+0.001 7.80+0.60 1.93+0.18 0.067 0.096 5842950  0.0205+0.0041 34.4+12.4

+: Abbreviations of channel categories follow Figure 5.
1: The mean of uniaxial compressional strength measured in mudstone and flysch (Lichi Mélange, Paliwan and Fanshuliao formations).
§: Averaged bed exposure percentage from estimates of drone aerial images and Wolman counts. Others are only estimated through Wolman counts.
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Figure 6. Size and constitution of channel bed sediments. (a-b) Bed sediment grain size (D3
and Dsy) plotted against the distance from headwaters for reaches with (red and green) and
without (blue) volcanic rock source, with best-fit exponential decay function (Sternberg, 1875).
(c) Mean percentage of bed gravel lithology (with the standard deviation) in four classes of
analyzed reaches. (d) Dependence of bed gravel size on lithology. Yellow boxes show the
interquartile range and the median (with notched 95% confidence interval) of the data.
Abbreviations of channel categories follow Figure 5. Lithological abbreviations: Ls = limestone;
And = andesite; Mdt = mudstone and flysch; Oph = ophiolitic rocks; Msst = meta-sandstone. See
raw data in Table S2.
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uncertainties (Figures 8(a, b), S4). Values of KSD,f account for up ~20% or ~40% of the
local K, based on Dsoor Ds+ as representative bedload size, respectively. We also find
that KSD,f roughly correlates to mean hillslope gradient (Figure 8(c, d)).

Taken together, these observations quantitatively confirm that channel slopes in
the Coastal Range are set primarily by the size and supply of hillslope coarse-sediment
supply (controlled by bedrock lithology) rather than uplift rate and flow discharge (See

details in Discussion).
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Figure 7. Functions of channel width. (a-c) High-flow width (W) plotted against upstream
drainage area (4), colored in fourth channel categories (abbreviations follow Figure 5), regional
uplift rate, and precipitation. Broken line and shade show the shows the best-fit power-law
regression with 95% confidence intervals. (d-f) Normalized channel wideness (K,,,,) plotted
against local normalized channel steepness (K, , based on O..r = 0.45), colored in fourth channel
categories, regional uplift rate, and precipitation. Uncertainties are standard errors of the data.
The results show that K, is more sensitive to variabilities of substrate strength and sediment
supply (i.e., bedload size) than channel width. See data in Tables 1, 2, and S1.
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Table 2. Analytic results of channel wideness and steepness components. Percentages of K,, components at each site are plotted in Figure §.

Catchment Field K Based on bed sediment D5 Local Based on bed sediment Dy,
Number sites wn K>s K% KE, K K> K% KE,
TLO6 TCC-1 0.052+0.003 4.8+0.6 57.7+£9.9 2.8+11.1 65.3+£5.0 13.5¢1.7 49.4+9.2 2.4+10.6
TLO6 TCC-2 0.099+0.014 4.4+0.9 56.5£12.7 0.7£12.9 61.7£1.6 13.6+£2.8 47.5+11.1 0.6+11.5
TLO6 TCC-3 0.109+0.009 3.7£1.0 31.4+11.2 1.3+11.3 36.4+0.8 8.4+2.2 26.9+10.4 1.1£10.6
TLO6 TCC-4 0.101£0.024 3.0£1.1 29.7+£12.2 2.8+12.3 35.5+1.4 5.9+2.1 27.0+11.3 2.6x£11.6
TL15 CLS-1 0.072+0.008 1.0£0.2 18.5+4.8 0.4+5.9 19.9+3 4 2.7+0.5 16.8+4.6 0.4+5.8
TL15 CLS-2 0.080+0.012 0.8+0.2 7.5+£2.4 1.1£2.6 9.4+1.0 1.3+0.3 7.0+£2.3 1.1£2.5
TL14 CC-1 0.052+0.008 1.7+0.8 27.6+16.3 0.9+16.4 30.2+1.4 43+1.9 25.1+15.5 0.8+15.7
TL14 CC-2 0.105+0.028 3.7+1.3 45.8+16.4 3.9+16.5 53.4+1.0 7.4+2.6 42.4+15.3 3.6+15.5
TL14 CC-3 0.054+0.002 4.4+0.3 16.5+1.6 0.2+1.8 21.1+0.7 8.8+0.6 12.2+1.4 0.1+1.7
CP09 DD-1 0.074+0.008 3.9+0.6 32.1+6.1 0.9+7.3 36.843.9 6.4+0.9 29.6+5.8 0.8+7.1
CP09 DD-2 0.074+0.005 3.5+0.3 28.1+£5.4 0.4+£5.5 32.0+0.6 6.9+0.6 24.8+2.7 0.3+£2.8
CP09 DD-3 0.066+0.003 6.0+0.8 27.1+£5.4 3.14£5.5 36.3+0.7 10.3+1.4 23.3+5.0 2.7+£53
CP09 DD-4 0.065+0.004 4.1+0.4 25.942.7 0.3+2.7 30.4+0.3 9.1+0.8 21.0+£2.3 0.3£2.5
CP09 DD-5 0.055+0.014 3.1+1.1 46.6+17.2 0.0£17.5 49.7+£3.4 9.243.1 40.5+15.3 0.0+16.0
CP11 NSB-1 0.036+0.005 1.5+£0.3 13.0£3.4 0.3+£3.9 14.9+1.7 3.5+0.7 11.1£3.1 0.243.6
SS06 WTS-1 0.054+0.010 4.7+1.4 57.3£19.5 1.6+20.1 63.6+4.8 11.7£3 4 50.5+17.9 1.4+18.8
SS06 WTS-2 0.028+0.007 1.5+0.5 18.6£7.6 2.1+7.7 22.2+1.0 5.5+£2.0 15.0+6.4 1.7£6.8
SS06 WTS-3 0.040+£0.016 1.8+0.8 28.6+13.7 2.5+13.8 33.0£1.5 7.7£3.6 23.2+11.1 2.1+11.8
SS02 BG-1 0.0360.002 10.7£3.1 58.3+24.8 0.0£0.0 69.1£2.9 19.8+5.8 4924231 0.0£0.0
SS02 BG-2 0.054+0.012 7.842.2 119.0+£33.3 0.4+33.7 127.2+4.4 17.2+4.7 109.7+30.9 0.4+31.5
SS04 SS-1 0.083+0.004 3.9+0.5 39.6+7.1 0.8+8.0 443435 10.1£1.2 33.6+6.7 0.7£7.6
SS04 SS-2 0.072+0.016 3.8+1.1 33.5+10.4 0.5+£10.6 37.84+2.1 7.0+£2.0 30.3£9.5 0.4+9.9
SS04 SS-3 0.072+0.008 3.3+0.5 52.6+8.7 1.4+9.5 57.3£3.6 6.9+1.0 49.0+8.3 1.449.1
SLO7 SRB-1 0.022+0.004 6.1£1.3 22.9+5.6 0.6+6.5 29.6+3.0 12.742.6 16.44+4.6 0.4+6.1
SLO7 SRB-2 0.052+0.004 3.9+1.0 32.0+11.6 0.9+12.4 36.8+4.3 8.812.2 27.24+10.8 0.8+11.9
SLO7 SRB-3 0.075+0.008 3.6£0.9 21.247.3 0.3+7.6 25.1£1.9 7.0+1.7 17.8+6.7 0.2+7.2
SLO7 SRB-4 0.067+0.012 5.1£1.3 19.6£7.3 0.3£9.2 25.0+£5.5 9.6+£2.3 15.246.7 0.249.0
SL06 GTS-1 0.020+0.007 8.3+£3.5 45.8¢19.9 0.3£20.4 54.4+£3.0 12.8+5.4 41.4+18.0 0.3+19.1
SL06 GTS-2 0.049+0.004 4.6+0.6 19.9+£3.2 0.1£3.4 24.7+1.1 8.3+1.0 16.3£2.8 0.1+£3.2
SL06 GTS-3 0.043+0.006 4.6+0.9 30.2+6.5 0.6:6.7 354+1.4 7.7£1.5 27.2+59 0.6+6.3
SL06 GTS-4 0.039+0.004 4.7+1.0 18.0+£6.5 0.1£8.0 22.8+4.5 6.9+1.4 15.8£6.2 0.1+£7.8
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Figure 8. Channel steepness partitions. (a-b) Percentage of K,,, components in Equation (7)
based on Dsj and Dsy respectively Abbreviations of study regions: TL: Tulan; SS: Shinshe; CP:

Changpin; SL: Shuilien. (c-d) K plotted against mean hillslope gradient (with standard error),
based on Dsgp and Dsy respectlvely Broken lines and shade zones show linear regressions and 95%
confidence intervals. Abbreviations in legends follow Figure 1(a). See data in Tables 1 and 2 and
functions of other K, components in Figure S4.

6. Discussion
6.1. Sediment effects on channel concavity

One important prediction of the saltation-abrasion model is the dependency of
channel concavity on the size of hillslope sediment supply (Sklar & Dietrich, 2008). In
transport-limited systems where channel slope primarily depends on river sediment size

and supply (Sp, and ASj_ in Equation (4)), Sklar and Dietrich (2008) predicted that

channel profiles have higher concavity when connected to coarser sediment supply
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because of stronger long-profile gradient of sediment size (i.e., downstream fining) after
long-distance abrasion. Other studies have also documented a covariance of the size and
the mass fraction of gravel-size (diameter > 2 mm) hillslope debris that will eventually
become bedload, indicating that stronger bedrock may produce not only larger but also
more bedload-sized sediments, plausibly modulating downstream channel profiles
(Marshall & Sklar, 2012; Sklar et al., 2017).

The data and results of this study appear to support this hypothesis by
demonstrating a generally higher mean concavity (6) in mudrock reaches connected to
volcanic bedrock (~0.60) compared to reaches with limited inputs of resistant clasts
(~0.50) (Figure 3(c)). Yet it should be noted that the data of best-fit 8 are noisy and the
difference of the means is statistically insignificant (the range of standard deviation
overlaps). This may reflect the short length of our analyzed reaches, in which
downstream fining by abrasion is difficult to untangle among reaches with different
substrate lithology and sediment source rock (Figure 6(a, b)). Our field site therefore
provides an advantage in that the values of channel steepness (Kj,,) derived from short
channel profiles in this study are less likely to be influenced by systematic bias of

sediment-size governing concavity variation.

6.2. Channel steepness set by hillslope sediment supply
The results of our slope component analysis (Equations (7)) reveal that channel

steepness (K, ) in the Coastal Range is set primarily by sediment flux (KSQ,f ), followed by

a secondary contribution of sediment size (K, SDnS ) (Figures 8(a, b)). These observations
agree with model predictions for sediment-rich channels (Sklar & Dietrich, 2006). In
addition, although KZ, is thought to record bedrock erodibility, observed values of KE,
are too small to generate the apparent correlation between local K, and substrate
strength (Figure 5(d)), which implies that the bedrock resistance signal may be reflected

in KSD,f and/or K, SQ,f (Figure S4). Because K SDnS inherently scales with bed sediment size

(Equations (5) and (7)), the correlation between K SDnS and mean hillslope gradient implies
that the generation of coarse sediments can be attributed to steeper hillslopes and frequent

delivery of landslide debris (Figure 8(c, d)). This inference is supported by the
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lithological dependency of sediment size, in which gravels derived from volcanic and
conglomerate hillslopes exhibit greater size and durability than erodible debris from

mudstone and flysch watersheds (Figure 6(d)). Based on these observations, we

hypothesize that bedrock lithology can modulate K, SD,f and K, SQ,f terms in Equation (7)
through mass-wasting sediment production on threshold hillslopes, which leads to
steepening in channels connected to strong rocks (see also Attal et al., 2015; DiBiase et
al., 2018; Finnegan et al., 2017; Roda-Boluda et al., 2018; Shobe et al., 2016; Shobe et
al., 2021).

It is possible that both of our measured bedload Dso and Dss may not represent the

actual sediment size in calculations, which could lead to overestimation or

underestimation of the K, gf and K, SQnS terms. It is also worth noting that the sediment size,

high-flow channel geometry, and bedrock coverage we measured may only represent a

“snapshot” of channel appearance at each site whereby the fractions of K, SD,f and K, SQ,f
terms might change over relatively short timescales. That said, bedload Dso and Ds+ of
gravel-rich bedrock channels scale systematically with other grain-size percentiles
(Rickenmann & Recking, 2011), which justify the representativeness of our grain size
data. Widening of channel morphology in response to increased supply of sediment
supply has also been shown to provide possible concomitant restriction on K, (Figure
7(b, e)) (Lavé & Avouac, 2001; Yanites et al., 2018). The variability of flow discharge
through time, which is proposed to be a critical factor in control of the frequency of
alluvium removal and bed incision (DiBiase & Whipple, 2011; Lague, 2010; Lague et al.,
2005), is difficult to characterize, however. Considering which most precipitation in the
Coastal Range is accumulated during storms and typhoon events (Chen & Chen, 2003),
runoff exceeding the threshold to move coarse sediment likely happens during floods.
Thus, the bed exposure percentage, that we used to approximate relative transport
capacity by floods (Equation (6)), may sufficiently reflect the net effect of discharge

variability over time (Chatanantavet & Parker, 2008). Given these uncertainties

mentioned above, we highlight the dominance of KSD,f and KSQ,f terms from slope
component analysis (Figure 8(a, b)) as direct evidence that incision processes governed

by coarse sediment can limit the tectonic steepening of channels over an order of
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magnitude variation in uplift rates (1.8 to 11.8 mm-yr") and relatively constant

precipitation (1.5 to 2.7 m-yr") (Figures 5(a, b, ¢), 9(b)).

6.3. Natural restriction on channel steepening

Our analysis highlights the invariance of Kj,, across a wide range of fast uplift
rates for a given bedrock setting (Figures 3, 5(a)). A similar uncorrelated relationship
between Kj,, and rock uplift (erosion) rate has been observed in other bedrock rivers
undergoing rapid tectonic uplift (generally >0.6-1 mm-yr') (e.g., Adams et al., 2020;
DiBiase et al., 2010; Fellin et al., 2017; Hilley et al., 2019; Ouimet et al., 2009), where
omnipresent landslide or abundant coarse bedload sediment are reported. In one
exception, Duvall et al. (2004) found steeper channels in high uplift (5 mm-yr!) zones
compared to slow uplift (0.75-2 mm-yr!) zones in a system with limited coarse-sediment
load, similar to channels in a detachment-limited system typically observed in soil-
mantled landscapes (i.e., erosion rate <0.3-0.6 mm-yr™'") (Figure 9(a)). The combined
evidence above reveals the first-order role of coarse-sediment load in modulation of
fluvial bedrock channel slope, indicating that channel steepness does not necessarily scale
with rock uplift rate, bedrock strength, or mean water discharge due to the sediment
effects predicted by mechanistic incision models (Sklar & Dietrich, 2004, 2006),
especially in fast-uplifting (i.e., fast-eroding), landslide-prone landscapes (Figure 9(b)).
Our field-based analysis supports this perspective by demonstrating a clear connection
between channel steepness and coarse-sediment size and availability (Figure 5(d, e, f)).

Moreover, if channel steepness does not vary with rock uplift rate in quasi-
equilibrium channel profiles, the faster rates of long-term incision in areas with higher
uplift rates must depend on mechanisms other than the steepening of channel slope (Snyder
et al., 2003). It is plausible that the influence of erosion on channel slope is essentially zero
in this landscape as reflected in very low percentage of the KE, term (Figure 8(a, b)).
Further, the large uncertainty in KZ, may indicate that erosion is accomplished rapidly
during random and episodic bedrock exposure created by fluctuations in sediment supply
and transport during floods (Figure S4) (Montgomery et al., 1996; Stock & Dietrich, 2003).

However, under the steady state assumption, the flux of coarse sediment supply should be

influenced by erosion rate, which predicts an unverified proportionality between the K ng
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Figure 9. Mechanistic-model based hypothesis of channel steepening coupled with hillslope
processes in response to an increase of uplift rate under steady-state assumption. (a) Soil-
mantled hillslope and coarse-sediment starved fluvial channels in slow-eroding (i.e., slow-
uplifting) landscape. In this system, channel steepness is dominated by KE, term in Equation (7)
and can scale with rock uplift rate, following prediction of the stream-power model. (b) Rocky
hillslope and coarse-sediment rich fluvial channels in fast-eroding (i.e., fast-uplifting) landscape.
In this system, channel steepness is dominated by K SD,f and K, SQns terms in Equation (7) and can
become insensitive to variability of rock uplift rate. A proposed threshold channel steepness is set
by bedload sediment size and supply for given bedrock and hydraulic conditions. Accelerated
incision may be accomplished by processes other than channel steepening such as enhanced
bedload impacts and perhaps additional debris-flow scour.
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term (ultimately the K, in Equation (7)) and uplift rate. Thus, there must be another
unidentified variable that accounts for confining the observed “threshold” of channel
steepness in the Coastal Range over a 10-fold variation of uplift (erosion) rate (Figures
3(d), 5(a, b)).

One possibility is that the fraction of the hillslope bedload-size sediment supply
may vary with uplift rate and bedrock properties (Sklar & Dietrich, 2008; Sklar et al.,

2017). For maintaining a relatively constant Kg,,, the fraction of bedload supply should

decrease in places with faster erosion (uplift) rate (restricting the K. Sj term) under this
hypothesis. This is unlikely in our study area because the frequency of mass-wasting
events, and their contribution of bedload sediments, are expected to increase with erosion
(uplift) rate (Montgomery & Brandon, 2002; Roering, 2012). A second possibility is that
the decoupling of channel steepness from uplift rate can be accomplished entirely through
channel widening (i.e., enhanced bank erosion) which limit downcutting by flow basal
shear stress (Lavé & Avouac, 2001; Yanites et al., 2018). Although there is a slight
tendency to find wider channels in areas with faster uplift rate (i.e., higher sediment
outflux), our data shows weak or no correlation between normalized channel wideness
(Kyyn) and uplift rate (Figure 7(b, €)). Similar findings in previous studies also show no
detectable change in channel width of quasi-equilibrium channels over a wide range of
uplift rate (~0.1-4 mm-yr') (DiBiase et al., 2010; Snyder et al., 2003), challenging the
generality of the width-adjustment hypothesis.

Thus, we propose a third possibility that there is a need to consider the mechanics
of enhanced downcutting processes in order to balance uplift rate in landscapes with
confined channel steepness and coarse sediment supply (Figure 9(b)). The abundant
presence of rounded and imbricated (transported) volcanic rock large boulders (e.g.,
diameter >1 m) in channels several kilometers away from its source supports the partial
role of debris-flow processes in shaping the fluvial channel profiles (Figure 4(a, c)),
which require unrealistically large high-flow hydraulic radius (Rp,) to exceed the
threshold of sediment entrainment of these boulders by fluvial bedload processes
(Equation (5)). This scenario is plausible because the efficiency of channel bed erosion
scales with coarse-sediment flux per unit channel width (Sklar & Dietrich, 2001;

Vazquez-Tarrio et al., 2020) and the frequency of episodic debris flows (Stock &
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Dietrich, 2003; Stock et al., 2005), which increase with uplift rate and the occurrence of
landslides on steep hillslopes (Attal et al., 2015; Larsen & Montgomery, 2012).

6.4. Mountain relief limited by bedrock

While sediment size and supply clearly exert a strong influence on channel slopes
in the Coastal Range, our data also implies that bedrock lithology plays a vital role in
formation of fast-uplifting fluvial landscapes. It has been well-documented that the mass
strength of rock controls the occurrence of threshold hillslopes (i.e., angle of repose), and
the insensitivity of gradient to uplift rate when mass wasting outpaces soil production
(Figure 9) (Montgomery & Brandon, 2002; Ouimet et al., 2009; Roering, 2012). In
addition to rock resistance, rock textures, degree of diagenesis, durability against
weathering, and overprinting properties (e.g., fractures) have been reported to provide
complicated controls on rock mass strength that sets the threshold gradient for hillslope
and the size of sediment production (Marshall & Sklar, 2012; Migon, 2020; Neely et al.,
2019; Sklar et al., 2017).

Growing evidence shows that increases in coarse sediment supply corresponding
to steeper threshold hillslopes can cause steepening of downstream bedrock channels by
retarding incision through channel coverage (Attal et al., 2015; Finnegan et al., 2017;
Neely & DiBiase, 2020; Roda-Boluda et al., 2018; Shobe et al., 2016; Shobe et al., 2021).
Our observations in the Coastal Range strongly support this idea (Figure 5(e-f)) by
demonstrating the lithological control on sediment particle size (Figure 6(d)) and the
discrepancy in steepness among reaches in mudstone and flysch substrate purely caused
by the difference in coarse sediment input from volcanic rocks (Figures 2(b), 3(d), 5(a, b,
d, )). Results from slope component analysis further reveal that bedrock can modulate
channel steepness by not only providing strength against incision on the channel bed as

popularly considered (i.e., controlling KE, term in Equation (7)), but also by transmitting
their lithological signals into sediment size and then setting slope by modulating the K gf

and K, SQ,f terms. Taken together, the dominance of Kgf and KSQ,f in governing channel
steepness (Figure 8(a, b)) and the invariance of Ky, against varying uplift and climatic
forces in the Coastal Range (Figure 5(a, b)) suggest that sediment size and supply appears

to define a “threshold” of channel steepness in fast-uplifting, landslide-dominated terrains
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(Figure 9(b)) (DiBiase et al., 2018; Hilley et al., 2019). Since the properties of exhumed
bedrock may fundamentally set the landscape-scale erodibility and the threshold of both
hillslope gradient and channel steepness, it raises the possibility that coupled hillslope-
channel processes of mass-wasting and sediment-governed incision ultimately limit the
shape and relief of orogenic landscape (Egholm et al., 2013; Roering, 2012; Schmidt &
Montgomery, 1995).

6.5. Applicability of incision models

Our results suggest that stream power based incision models might be too
simplistic to describe, explain, and simulate the bedrock fluvial landscape in rapidly
uplifting (eroding), mass-wasting terrains (Tomkin et al., 2003; van der Beek & Bishop,
2003). At the very least, these models fail to provide a satisfying explanation for the
observed pattern of channel steepness in the Taiwan Coastal Range, particularly the
insensitivity of uplift rates and precipitation, and the strong correlation with bed lithology
and sediment source rocks (Figure 5). Rather, a physics-based incision model (e.g.,
saltation-abrasion model) that invokes the contributions of sediment entrainment and
relative transport capacity on channel slope, can account for our observations (Figure 8).

The steepness partitioning method (Equation (7)) adopted here provides a field-
based explanation for sediment effects on setting channel steepness. Most generally, we
suggest that stream power assumptions may be reasonably applied in slowly uplifting (or
eroding) landscapes with soil-mantled hillslopes and coarse-sediment starved channels,

where K, may be dominated by the residue term KZ, in Equation (7) (Figure 9(a)).

Conversely, when the K, SDnS and K, SQns terms govern Kj,, particularly in fast uplifting
landscapes with rocky hillslopes and coarse-sediment rich channels, incision models that

do not consider sediment effects may be unable to capture key mechanistic controls on

channel slope (Figure 9(b)) (Venditti et al., 2020; Whipple et al., 2013).

7. Conclusions
Our field observations and application of a saltation-abrasion model quantify the
relative importance of coarse sediment effects on fluvial bedrock channel slope in the

Coastal Range of eastern Taiwan, a rapidly uplifting and eroding landslide-dominated
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landscape. We find that a dynamic interplay between mass-wasting on hillslopes and
coarse-sediment governed incision may act to limit steepening of channel profiles in this
and other active orogenic belts. Furthermore, our data reveal that bedrock lithology
controls the gradient of threshold hillslopes and could further set the steepness of
downstream channels through the production of coarse sediment. For a given
combination of bedrock strength and climate forcing, we suggest that coarse sediment
from steep hillslopes exerts a primary control on bedrock channel gradient, which leads
to decoupling of channel steepness from uplift rate in areas of rapid tectonic uplift.
Channel steepness, commonly used as a proxy for mapping regional patterns of tectonic
uplift, may instead reflect coarse sediment size and sediment supply in bedrock channels
of fast-eroding (>1 mm-yr") landscapes. This influence is closely associated with and
genetically linked to frequent landsliding, in addition to adjustments of channel width to

variations in sediment coverage.
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CHAPTER V
DISSERTATION SUMMARY

This dissertation has examined the sedimentary stratigraphy and modern
topography of Taiwan’s Coastal Range with important implications for syn-orogenic
crustal recycling, sedimentary basin development, and landscape evolution at the
interface of two converging plates in an active arc-continent collision system.

In chapter II, I established a high-fidelity stratigraphic framework for sedimentary
strata in the southern Coastal Range of eastern Taiwan, using integrated field surveys,
sedimentology, paleomagnetism, and microfossil studies, which provide robust
constraints on the origins of the Lichi Mélange. The genesis of this polygenetic mélange
unit is closely associated with sedimentation in a retrowedge foredeep basin, which
developed in response to episodes of accelerated exhumation and tectonic mixing in the
source regions of the Taiwan arc-continent collision zone.

In chapter III, I combined high-resolution chronostratigraphy, paleo water depth
reconstruction, and backstripping models of crustal subsidence history to document an
extremely rapid emergence of the Coastal Range of eastern Taiwan from deep marine to
modern elevation (up to 1.3-1.6 km) along the plate suture zone over the past ~500
thousand years, at world-class rates of rock uplift of ~9—14 mm/yr.

In chapter IV, I combined theoretical tools in quantitative geomorphology with
physical parameters constrained from digital elevation models and field observations to
investigate the primary surface processes that control the shape of modern landscape in
Taiwan’s Coastal Range. I found the presence of threshold channel steepness and limited
relief in a tectonically active mountain topography, which is insensitive to spatial
variabilities in tectonic uplift or climate. Such landscape is governed by sediment-
controlled fluvial incision, sediment production on hillslopes (i.e., soil production and
landslides), and associated bedrock properties.

Combined works in this dissertation outline the future for sedimentological and
geomorphic research to understand the interactions and feedbacks among surface and
tectonic processes, and to detect their temporal-spatial scales. This study emphasizes the

critical role of sediment in crustal recycling and landscape evolution in a rapidly evolving
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collision suture zone. The results provide new insights into how sediments are generated,
transported, deposited, buried, lithified, exhumed, and recycled during collisional
orogenesis. Integrated methods of stratigraphic and topographic analyses applied in this
dissertation are at the cutting edge of our ability to constraint spatial patterns of Earth’s
surface processes across different timescales. To seek breakthrough, future works should
address the physical and chemical controls on sediment generation and redistribution, and
their dependence on tectonics, climate forcing, landform, and bedrock lithology. New
approaches, theories, and techniques (particularly in dating sediments and processes) are
needed to find the link between transient Earth surface activities and deep-time
sedimentary records, and disentangle complex signals from them. Many workers are
putting efforts on this or related topics (e.g., Romans et al., 2016; Shobe et al., 2022;
Straub et al., 2020), and I intend to continue my endeavor in this exciting field. I am
hopeful that sediment-focused research will unlock more potentials to extract valuable
information from geologic and geomorphic archives. This will allow us to better
reconstruct the past and thus improve our ability to predict the future of the surface

environment on our mother Earth and extraterrestrial planets.
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APPENDIX A
CHAPTER II SUPPORTING INFORMATION

*Tables S1-SS are included in supplemental files of this dissertation

Detail methodologies
Geological mapping and lithostratigraphy

Detailed geological mapping for this study targeted he Lichi Mélange and
associated deposits exposed in road cuts and riverbanks of the southern Coastal Range
(Figure 4). Marker beds (pebbly mudstone and tuffaceous turbidite) and fault zones were
carefully mapped across the study area (Figures S1-S2). We also compiled information
from previously published geological maps (Doo & Shyu, 1966; Hsu, 1956; Lai, Ng, et
al., 2018; Lai & Teng, 2016; Lin et al., 2008; Lo et al., 1993; Wang & Chen, 1993).
Lithostratigraphic descriptions were executed in type sections of the Fanshuliao and
Paliwan formations in the MDJ and BCa sections (Figure 9), and other selected river
sections along three geological transects: (1) Powhua-Shinchang; (2) Luye-Tulan; and (3)
Fuli-Chengkung transects. We described in detail lithologic transitions at well exposed
depositional contacts between the Lichi Mélange and Fanshuliao Formation in the CYCa
and YF sections. The concept of lithofacies description and analysis is applied for unit

classifications.

Calcareous nanoplanktons and planktonic foraminifera biostratigraphy

We compiled existing data from studies with complete information of sample
localities and identified fossils per site (Barrier & Muller, 1984; Chang, 1967, 1969;
Chen, Huang, et al., 2015; Chen, Huang, et al., 2017; Chen, 1988a; Horng & Shea, 1996;
Huang & Yuan, 1994). Sample localities were manually georeferenced from published
maps into geographic information system (GIS) software in order to project them to
stratigraphic height in measured sections (Figures S3-S9). We also digitized unpublished
calcareous nannoplankton fossil charts using georeferenced sample coordinates from Chi
et al. (1981) and include them in our data repository (Table S3). Data of Chi et al. (1981)

for sedimentary blocks in the Lichi Mélange are lost and immemorable, yet their
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interpreted range of fossil zones (NN3-NN11) and depositional age (~18-5.6 Ma) are
compiled in this study (Figure 3).

We also collected samples for new microfossil analysis in the Lichi Mélange from
all major river sections (Figures S3-S7), with a focus on calcareous nannoplankton data
that were relatively limited in previous studies. In mélange, we collected fine-grained
matrix to constrain its maximum forming age by the presence of the youngest index
fossils. For localities that were reported to have potential surface contamination (Site J17
in Chen, Huang, et al. (2017)), we revisited and resampled the sites and nearby exposures
(Figure S5). Three samples for planktonic foraminifera identifications were collected in
YF section (Figure S7). Samples were collected from fresh intact exposures of fine-
grained mudstone. Samples were crushed prior to further dispersion of samples in
deionized water aided by ultrasonic vibration. Because calcareous microfossils are often
limited in the mélange, we centrifuged the suspended particles in dispersed mud to
extract concentrated fossils of calcareous nannoplankton. Microfossils were placed on
thin sections for observation using an optical microscope. For preparing planktonic
foraminifera samples, we omitted ultrasonic vibration and used 63 pm sieve to extract
proper size fossils for identification.

Interpretation of depositional age from microfossil assemblages is challenging
due to the potential for reworking of older fossils, which is commonly reported in
turbidite-dominated deposits of the Coastal Range (Chen, 1988b, 2009; Chi et al., 1981)
and confirmed by our work. Therefore, depositional ages are based primarily on the first
appearance datum (FAD) for index fossils, whose ages are based on recent compilations
for the Indo-Pacific region (Anthonissen & Ogg, 2012; Backman et al., 2012; Chuang et
al., 2018) (Figure 3).

Magnetostratigraphy

We conducted paleomagnetic measurements for strata in coherent continuous
sections (Fanshuliao and Paliwan formations), avoiding slump beds and chaotic mass-
transport deposits. Paleomagnetic samples were collected using a standard (22 mm
diameter) drill core from fresh mudstone exposures, and remanent magnetization was

measured with a 2G three-axis cryogenic magnetometer. As reported in Horng and Shea
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(1996), the primary carrier of remanent magnetization here is pseudo-single-domain
magnetite. To remove viscous remanent component of overprinting magnetic signals,
progressive thermal demagnetization (THD) was applied to most of the samples with ten
or more increments from room temperature to 600°C. The results from some specimens
with relatively low intensities of natural remanent magnetization became thermally
unstable at higher temperatures (usually >360°C). In these cases, we applied stepwise
alternating-field demagnetization (AFD) from 0 up to 80 mT or a combination of THD
and AFD (e.g., THD to 360°C followed by AFD procedure). Using these methods, we
obtained reliable measurements of primary remanent component of the paleomagnetic
declination and inclination from Zijderveld diagrams at each site (Figure S17). We
derived mean paleomagnetic directions by applying a double-tilt correction in which we
first removed perturbations by restoring regional fold plunge and then bedding tilt
(Fisher, 1953; Ramsay, 1961). This correction procedure is also applied to compiled
original data from Horng and Shea (1996) of the MDJ section (see applied structural
corrections in Table S5). FAD of microfossils were used to interpret polarity chrons, and
the age of magnetic reversals follows the global geomagnetic polarity timescale (Ogg,

2012).

Basin restoration

To reconstruct paleo-basin geometry we constructed three stratigraphic panels by
correlating stratigraphic sections along W-E transects (Powhua-Shinchang, Luye-Tulan,
and Fuli-Chengkung). Stratigraphic columns were projected into the closest transect and
placed at structurally restored horizontal positions (Figures 4, S1-S2). Panels were hung
from the youngest widespread chronostratigraphic horizons, or datums, such as FAD of
microfossils, paleomagnetic reversals, and event marker beds. We assume kink-folds to
be the dominant style of regional folding (Chi et al., 1981), and approximate the unfolded
horizontal length using standard geometrical methods (e.g., Ragan, 2009) and mean
bedding dip along the transects. The results provide a reasonable reconstruction of
original relative positions of stratigraphic sections and facies architecture in the southern

Coastal Range.
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Sediment-transport directions

To reconstruct sediment routing pathways and sediment sources, we measured
paleocurrent and paleoslope directions in each studied section and the Loho and
Changpin areas (i.e., AMC, LHC, SKC sections) (Figures 4, 14), including data for
tuffaceous turbidites (Lai, Ng, et al., 2018). Paleocurrent directions were measured from
flute casts, ripple cross-lamination, and imbricated gravel clasts. For ripple cross-
lamination, we only measured foreset laminae that show > 10° angle from the bedding
plane to reduce uncertainty (Bradley, 1987; Bradley & Hanson, 2002). Paleoslopes were
determined by measuring axial planes of asymmetric slump folds (Bradley & Hanson,
1998; Strachan & Alsop, 2006). All directional data were restored to paleo-horizontal

using a double-tilt correction (same as for paleomagnetic directions).

109



Southern
Taiyuan
Geological
Map

Analyzed sections

~ o MKC

L Stratigraphic
=« Panels
Landmarks
Main road
M (ities and towns

Key contacts

o Photos of Tuluanshan
fault zone (Fig. 7A-D)

Photos of depositional
contacts (Fig. 8A-F)

Structures
. Active fault
. Inactive fault
4 Syndine

% Anticline
Planes

+ |_ Bedding of
coherent strata

Approximate
41 bedding or
I'I' predominant
shear fabrics

Lithostratigraphy
Quaternary terraces

Peinanshan Congl.
Lichi Mélange

Upper Paliwan Fm.
Pl Middle Paliwan Fm.
Lower Paliwan Fm.
[& Upper Fanshuliao Fm.
[E Lower Fanshuliao Fm.
[[ Tuluanshan Fm.
Exotic Blocks

[Z1 Sandstone blocks
I Andesitic blocks

M Ophiolitic blocks
I Amphibolite blocks

121.3E

229N

22.8N

Marker Beds . 3 R A
— Tuffaceous turbidite | { : 3 0 1 2 3 4
& Pebblymudstone [y (&ﬂ ‘ \ | ) km

121.1E, 22.8N 121.2E

Figure S1. Geological map of southern Taiyuan, modified from Doo and Shyu (1966); Lai,
Ng, et al. (2018); Lai and Teng (2016); Lin et al. (2008); Page and Suppe (1981). Labels in
red circles mark major structures: 1 = Longitudinal Valley fault; 2 = Tuluanshan fault; 3 =
Waushinshih fault; 4 = Tama fault; a = Taiyuan syncline; b = Tuluanshan anticline; ¢ = Biehchi
anticline.
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Figure S2. Geological map of Fuli-Chengkung area, modified from Barrier and Muller
(1984); Hsu (1956); Lai, Ng, et al. (2018); Lai and Teng (2016); Wang and Chen (1993).
Labels in red circles mark major structures: 1 = Longitudinal Valley fault; 2 = Tuluanshan fault; 5
= Kuanyinshan fault; 6 = Huatungshan fault; 7 = Central Range fault; a = Taiyuan syncline; b =
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Figure S3. Paleomagnetism (red labels, from Horng and Shea (1996)) and microfossil
samples (black labels) locations for MDJ, CYC, and SD sections. See stratigraphic columns in
Figures S10, S12 and new raw data in Tables S3, S5.
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Figure S11. Litho-, biostratigraphy of (A) MKCc section; (B) synthesis of the MKCb section
and the TMS section; (C) synthesis of the MKCa section and the FTL section. See locations
in Figures 4, S2, S4. The “S:M ratio” in the grain-size axis show averaged fraction sand relative
to mud in slump bed (X2), turbidites (F2), and mudstone (F1) facies. Yellow circles mark the
depositional contact zone shown in Figure 8. FAD and LAD are first and last appearance datum
for index microfossils respectively. Black and white rectangles represent normal and inverse
paleomagnetic polarities respectively. Sample numbers of microfossils are marked at the left of
stratigraphic units, and their raw data are compiled in Table S3.
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Figure S12. Litho-, biostratigraphy of (A) CYCa section; (B) JCC section; (C) CYCb
section; (D) synthesis of the CC section and CLC section; (E) ABA section; (F) YCS section.
See locations in Figure 4, S1, S3, S5, S6. The “S:M ratio” in the grain-size axis show averaged
fraction sand relative to mud in slump bed (X2), turbidites (F2), and mudstone (F1) facies. The
yellow circles and shade mark the depositional contact zone shown in Figures 8, S16. FAD and
LAD are first and last appearance datum for index microfossils respectively. Black and white
rectangles represent normal and inverse paleomagnetic polarities respectively. Sample numbers
of microfossils are marked at the left of stratigraphic units, and their raw data are compiled in
Table S3.
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Figure S13. Litho-, magneto-, biostratigraphy of (A) YF section; (B) BCa section; (C) BCb
section. See locations of in Figures S2, S7. The “S:M ratio” in the grain-size axis show averaged
fraction sand relative to mud in slump bed (X2), turbidites (F2), and mudstone (F1) facies. The
yellow circle and shade mark the depositional contact zone shown in Figures 8, S15, which is
laterally equivalent to the contact in the southern exposure only 0.63 kilometers apart (Figure
8G). FAD and LAD are first and last appearance datum for index microfossils respectively. Black
and white rectangles represent normal and inverse paleomagnetic polarities respectively. Sample
numbers of paleomagnetism and microfossils are marked at the left of stratigraphic units, and
their raw data are compiled in Tables S3-S5.
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Figure S14. Litho-, magneto-, biostratigraphy of (A) synthesis of the SGS section and BBS
section; (B) SSS section; (C) DWS section. See locations in Figures 4, S2, S8, S9. The “S:M
ratio” in the grain-size axis show averaged fraction sand relative to mud in slump bed (X2),
turbidites (F2), and mudstone (F1) facies. FAD and LAD are first and last appearance datum for
index microfossils respectively. Black and white rectangles represent normal and inverse
paleomagnetic polarities respectively. Sample numbers of paleomagnetism and microfossils are
marked at the left of stratigraphic units, and their raw data are compiled in Tables S3, S5.
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Figure S15. Measured sections of depositional contact zone (equivalent to Figure 8F and
~75-121 m stratigraphic height of Figure S12A) between Lichi Mélange and lower
Fanshuliao Formation in the CYCa section (See location in Figure S1). Red lines in the
stratigraphic column represent compacted shear fabrics. The ”’c” and “s” in photo C label the
shear and foliation surfaces respectively (S-C fabrics) in a sheared horizon within the
olistostrome (X3) facies.
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~730-915 m stratigraphic height of Figure S13A) between Lichi Mélange and upper

Fanshuliao Formation in the YF section (See location in Figure S2). It presents an up-section
progressive change in lithofacies from coherent facies (F1, F2) to chaotic facies (X1-X4). The
photo B shows a shear horizon with extensional structures. The photo C shows flute casts in the
interbedded turbidites. The depositional contact (photo F) can be laterally correlated to the
southern contact (Figure 8G), which was mapped as “Yungfong fault” in previous studies (Chang
et al., 2000; Chen, 1997b). The photo E shows a cluster of rounded exotic clasts of sedimentary
rocks (mudstone, sandstone) that present in the pebbly mudstone facies (X1). Other legends and

captions follow Figure S15.
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APPENDIX B
CHAPTER III SUPPORTING INFORMATION

*Supplementary Data 1-4 are included in supplemental files of this dissertation

Projected from i .
nearby section51 MD‘, sectlon Litholo
M- S Andesitic
Ei]é ] - olistolith
- 3 s 77 e
Marker bed H s Slump bed Conglomerate
1% = 2
e wldietal) mis- £ Pebbly Thick-bedded
u Offow La : 5= O =64 mudstone sst & gritstone
idi | = . -
To14: Tuffaceous turbidites w130 = Limestone Turbidites
PTTPT4 i1 the Paliwan Fm i 5
: TH= e 1 2= . Volcanic Epiclastic
idi 42~ T - BE i
TA-Tf5: _Tuffa(eous turbldltes LN TBS s basement deposits
in the Fanshuliao Fm. e 3600—_7—:7- *;; gg Paleomagnetism
Pm1-Pm5: Pebbly mudstone g2 T8~ o] S3 _oNormal __ Reversed _ Mixed
H}éﬁf FoS= | polarity ~ polarity polarity
=8 .o
e, T g Foraminifera data
o 228 .
BC secti [riss, S § (for paleobathymetry estimates)
section Hgggf 375 — Chang (1967;1969)
] i Pm4 120~ =5 S| pro
— £ S | Projected from H
11207~ € l, = | nearbysections SSS section
g = o b & T
3 11208~ & |20y P="
S L TT21+] S | TIBI22TT66~
T 160 °§ ‘
roN T g
£ d s 2= g S
H240+| & e PmS &S s 2400 252
HL241 -] % 2 <~ TIB123~ == _
- = 2 d =
HLA132~ - =i ES 767+ ? e
Ppm3 £ 61~ SiER i3
| 2. S & TTB124~ =z
HLA31 || g5 THi0= 13 2 ;|2
g2l |mi- S e
2 e Clm itk
1= fome] P T TTB125~ g
HL232,239 - = | s e = Tp3 s | £ _ 2
SN e SR e SiEk |5
HL231 - Ek) ﬂ}gz: persssssecc) <lo S H%: £ E g =
HL230+ TT168~ 3% 3 171~ (490 = e
| ? 25+ LE_y it < E
HL229~ ; E | 120075 -
228+ £ : £ \irres. 26+ [ TTB126~ Foomr  1p12
g 13 Pm2 o - = p10
3 ? 1000 oo e 1000 = Tp9
TR s 53~ ooy o TI8127,T173~ ]
226 | = sk TIB128-1 | 800 Jr=s
HL225 | M-~ s M7= S
I | mss- = =] TT8130. s Tp7
HL224 - 1 mns-| E g e e s
HL215 E M- 58 3 TIB131,TT76— Ja i
3 SiINES S 5
= £ = TTB132-
fitshi- <= UES, — TIB133,T177+
8= 131~
25 TH69~ i S5 178,79
el o R (T
20 I o EE B TT8134
= =
Mud  Sand Gravel Mud  Sand Gravel Mud  Sand Gravel

Supplementary Figure 1. Lithostratigraphy and age interpretations of the Bieh river (BC),
Madagida river (MDJ), and Sanshian river (SSS) sections in southern Coastal Range,
summarized from Lai, Dorsey, et al. (2021). Tick marks on the right side of paleomagnetic
polarity columns show positions of paleomagnetic sample collecting sites. Projected positions of
foraminifera data (Supplementary Data 3) used for paleobathymetry estimates are shown on the
left. Grain size on the horizontal scale was used to determine sand:mud ratios used in the
decompaction analysis (Supplementary Data 4). Portions of the synthesized section in the Figure
1 are shaded in yellow, with brown correlation lines.
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Supplementary Figure 2. Litho-, magneto-, biostratigraphy of Hsiukuluan river (HKL), Wulou river (WL), Fungfu (FF), and
Fungpin (FP) sections in northern Coastal Range. See data locations in Supplementary Figures 3—4. Projected positions of new
paleomagnetism and microfossils data (Supplementary Data 1-3) are marked at the left. Grain size on the horizontal scale was used to
determine sand:mud ratios used in the decompaction analysis (Supplementary Data 4). Portions of the synthesized section in Figure 1 are
shaded in yellow, with a brown correlation line.
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Supplementary Figure 3. Geologic map of the Hsiukuluan river (HKL) and Wulou river
(WL) sections. Data are summarized from previously published works (Hsu et al., 2017; Teng et
al., 2016; Wang & Chen, 1993; Yi et al., 2012) and this study. Paleomagnetic samples are marked
in red labels (starting with HKL, WLC) and microfossil samples are marked in blue labels
(starting with CM, WL). See details in Supplementary Figure 2 and Supplementary Data 1-2.
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Supplementary Figure 4. Geologic map of the Fungfu (FF) and Fungpin (FP) sections. Data
are summarized from previously published works (Chen & Wang, 1997; Hsu et al., 2017; Wang
& Chen, 1993; Yi et al., 2012) and this study. Paleomagnetic samples are marked in red labels
(starting with FP) and microfossil samples are marked in blue labels (DTL, PLW, MK, FPA,
FPC, Foram). See details in Supplementary Figure 2 and Supplementary Data 1-2.
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[ paliwan Formation €28 Andesitic olistolith
[ Lichi Mélange Pebbly mudstone
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ns. Green short lines show projected

(apparent) bedding dip. Paleomagnetic data collected in slump beds and olistoliths from Lee (1989) (in red dashed circles with question

marks) are excluded in our analysis (Supplementary Figure 2; Supplementary Data 1). See locatio
Supplementary Figure 4.
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Supplementary Figure 6. Zijderveld-type diagrams showing representative results of
demagnetization in paleomagnetic samples. Data are collected from Hsiukuluan river (HKL),
Waulou river (WL), and Fungpin (FP) sections. Demagnetization methods are shown in
parentheses after sample names (THD = thermal demagnetization; AFD = alternating field
demagnetization). Sample locations are shown in Supplementary Figures 3—4. See details in
Supplementary Data 1.
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Supplementary Figure 8. Global average porosity-depth functions and grain density for sandy, muddy, and mean marine
sediments (for pebbly mudstone). Source functions and averaged grain densities are compiled from previous publications (Gallagher &
Lambeck, 1989; Hamilton & Bachman, 1982; Hansen, 1996; He et al., 2017; Kominz et al., 2011; Kominz & Pekar, 2001; Lee et al.,
2019; Lee & Wagreich, 2016; Royden & Keen, 1980; Sclater & Christie, 1980; Van Sickel et al., 2004; Zhao et al., 2015). See details in
Supplementary Data 4.
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CHAPTER IV SUPPORTING INFORMATION

APPENDIX C

*Tables S1-S2 are included in supplemental files of this dissertation
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Figure S1. Topography (projected in UTM zone 15N coordinate system), analyzed reaches

colored in normalized channel steepness (K,,) based on 8,.f = 0.45, identified knickpoints,

area for mean hillslope gradient, and locations of field sites in 6 study regions (Figure 1).

See data in Table S1.
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Figure S3. Profiles relative to outlets of analyzed channels, elevation (Z) versus y plots

(calculated based on 6,.f = 0.45) with identified knickpoints, and channel slope (S) versus
upstream drainage area (A4) plots of analyzed reaches in each catchment. Notes the starting
values of y are shifted to the origin after calculation in order to visualize differences in channel

steepness.
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Figure S3 continued.
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Figure S3 continued.
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Figure S4. K, components (based on 8, = 0.45) plotted against uplift rates, substrate
uniaxial compressive strength (¢.), and mean hillslope gradient. Uncertainties are the standard
errors of the data. Broken lines and shades show linear regression and 95% confidence intervals.
Thin dotted lines show hypothetic correlation between KZ, and uplift rate, but the uncertainties of
KE, in our sites are too large to distinctively display the correlation. The correlations for K, gf and
K gf versus substrate strength (o.) suggest the signals of bedrock resistance in local K, (Figure
5d) are preserved in both Kf,f and K_gf through bed sediment size (D5 and Dsy) (see Equations (5)

to (7)). Abbreviations in legends: Volc = volcanic rock; Cgl = conglomerate; Mdt = mudstone
and flysch. See data in Tables 1 and 2.
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	In chapter IV, I focus on evolving landscape in the modern Coastal Range to investigate interactions between active tectonics and surface processes. I utilized theoretical tools in quantitative geomorphology with physical parameters constrained from d...
	Chapters II and III of this dissertation are co-authored with Rebecca J. Dorsey, Chorng-Shern Horng, Wen-Rong Chi, Kai-Shaun Shea, and Jiun-Yee Yen, and were published in Sedimentary Geology and Communications Earth & Environment. Chapter IV is co-aut...
	CHAPTER II
	POLYGENETIC MÉLANGE IN THE RETROWEDGE FOREDEEP OF AN ACTIVE ARC-CONTINENT COLLISION, COASTAL RANGE OF EASTERN TAIWAN
	This chapter has been published as Lai, L. S.-H., Dorsey, R. J., Horng, C.-S., Chi, W.-R., Shea, K.-S., and Yen, J.-Y. (2021) Polygenetic mélange in the retrowedge foredeep of an active arc-continent collision, Coastal Range of eastern Taiwan. Sedimen...
	1. Introduction
	“Mélange” in geology is a non-genetic lithological term defined as a mappable and chaotic rock unit consisting of extra-formational (exotic) blocks embedded in highly mixed and disrupted matrix (i.e., block-in-matrix fabrics) (Cowan, 1985; Greenly, 19...
	To address these challenges, many studies have focused on active arc-continent collision orogens where young or active mélange generation can be directly observed (e.g., Harris & Audley-Charles, 1987; Huang et al., 2000). However, the genesis of these...
	The Lichi Mélange in the Coastal Range of eastern Taiwan (Figure 1) is widely considered a classic example of mélange formed in an arc-continent collision suture, but its origin is poorly understood and thus still a matter of debate (Figure 2). Prior ...
	Figure 1. Geological setting. Plate configuration and tectonic domains at Taiwan arc-continent collision, synthesized and modified from previous studies (Chen et al., 2019; Huang et al., 2018; Lin et al., 2003; Malavieille et al., 2021).
	(olistostromal) emplacement was the primary mode of shearing to form the Lichi Mélange remains unresolved. Such controversy is related to alternate models for basin evolution recorded by Plio-Pleistocene sedimentary rocks in the Coastal Range. Accordi...
	The origin of the Lichi Mélange is likely also related to the formation of the late-Miocene Yuli Belt, an exhumed greenschist-blueschist facies metamorphosed mélange in the Central Range of Taiwan, located directly west of the Coastal Range (Figure 1)...
	For this study we conducted detailed geologic mapping, lithofacies analysis, measured sections, magneto-biostratigraphy, paleoslope and paleocurrent analyses to test hypotheses for sedimentary versus tectonic origins of the Lichi Mélange. The results ...
	Figure 2. Comparison of published models for the origin and tectonic controls on formation of the Lichi Mélange. Figures are identical in the western half (central Taiwan orogen to pro-foreland basin); all differences are expressed in the eastern half...
	2. Geological background
	The island of Taiwan is an active arc-continent collisional orogen produced by oblique convergence between the Eurasian continental margin and Luzon Arc on the Philippine Sea plate (Figure 1) (Suppe, 1984; Yu et al., 1997). The orogen is characterized...
	Previous studies of the Coastal Range have applied conflicting definitions of lithostratigraphic units (e.g., Chen, 2009; Horng & Shea, 1996; Huang et al., 2018; Lai, Ng, et al., 2018), regional structures (e.g., Chen, Huang, et al., 2015; Chen, 2009;...
	2.1. Non-mélange strata and structures of the Coastal Range
	Miocene rocks representing arc and forearc crust in the Coastal Range are unconformably overlain by a thick (4–7 km) section of PlioPleistocene synorogenic marine flysch and conglomerate (Figure 3). The Tuluanshan Formation is defined as all volcanic ...
	The synorogenic Plio-Pleistocene succession of marine flysch and conglomerate in the Coastal Range records unroofing of metamorphic rocks in the Central Range orogen as documented with changes in abundance of metamorphic lithic fragments (e.g., Chen e...
	The structure of the Coastal Range is dominated by large-displacement imbricate west-vergent thrust faults and associated regional-scale folds (Wang & Chen, 1993). Rapid uplift rates (e.g., Chen et al., 2020; Hsieh & Rau, 2009), kinematic analyses (Ba...
	In the southern Coastal Range, several west-vergent thrust faults and three large plunging folds control the distribution of map units (Figure 4) (Hsu, 1956; Lai & Teng, 2016; Wang & Chen, 1993). Among these structures, only the Longitudinal Valley fa...
	(Barrier & Muller, 1984; Li, 1984; Lin et al., 2008). Field mapping for this study confirms the depositional nature of contacts where the southern Tuluanshan fault was originally proposed. West of there we have traced a ~100–300 m wide belt of 5–10 m ...
	Figure 3. Stratigraphic framework of southern Coastal Range, modified from Dorsey (1992); Lai, Ng, et al. (2018); Lai and Teng (2016). The geomagnetic polarity timescale (GPTS) and microfossils' first appearance (F.A.) datums of Indo-Pacific region ar...
	Figure 4. Geological map of southern Coastal Range, modified from Lai, Ng, et al. (2018); Lai and Teng (2016); Wang and Chen (1993). See detail maps in Figures S1-S9.
	2.2. Lichi Mélange
	The Lichi Mélange, originally named “Raikoka Formation” or “Lichi Formation” (Hsu, 1956; Ooe, 1939), “consists mainly of poorly stratified mudstone in which some large or small rock fragments or blocks of hard greyish sandstone, gabbro, serpentin(ite)...
	Despite previously published evidence for both tectonic and sedimentary origins for the Lichi Mélange, two alternate hypotheses describe the primary mode of rock mixing as either tectonic or sedimentologic (Chen, 1991; Huang et al., 2018; Teng, 1981) ...
	A second group of studies interprets the Lichi Mélange as a complex of submarine-slide deposits derived from the steep fault-bounded western margin of the basin (e.g., Barrier & Muller, 1984; Ernst, 1977; Hsu, 1956; Page & Suppe, 1981; Wang, 1976). In...
	However, the sedimentary hypothesis also faces challenges: (1) coherent portions of the “Lichi Formation” are similar to the Fanshuliao and Paliwan formations, creating ambiguities in the definition of stratigraphic units and boundaries; (2) few depos...
	Taken together, inconsistent stratigraphic definitions and age interpretations have led to major disagreements over the distribution, contact relationships, and origins of the Lichi Mélange. Recent studies of mélange-like marker beds (pebbly mudstone)...
	2.3. Nomenclature and definitions used in this paper
	In this study, we adopt modern nongenetic terms of “mélange” and “broken formation” to describe mappable (at 1:25,000 or smaller scale) chaotic rocks that commonly have “pervasively deformed and fragmented matrix of finer-grained material”, with and w...
	For the stratigraphic framework, this paper adopts an updated descriptive nomenclature and depositional ages for lithostratigraphic units in the Coastal Range, summarized in Figure 3. The Tuluanshan Formation (Chen, 1997a; Song & Lo, 2002) is capped b...
	The term “exotic block” is reserved for blocks with lithologies whose source is not present in the surrounding sedimentary units (e.g., andesite, volcaniclastic sandstone and conglomerate, limestone), and which are different from any lithology found i...
	Table 1. Lithofacies of sedimentary rocks in the southern Coastal Range. See photos in Figures 5 and 6.
	originated from nearby intraformational sources such as turbidite facies F2 (so called “native blocks”).
	It should be noted that the definition of Lichi Mélange as a lithostratigraphic unit in this study is used in a manner of convenience for assessing the geologic map pattern and observed contact relationships, thus serving as the basis for additional a...
	3. Methods
	Detailed geological mapping for this study targeted the Lichi Mélange and associated deposits exposed in road cuts and riverbanks of the southern Coastal Range (Figure 4). Lithostratigraphic descriptions were executed in selected river sections along ...
	To understand paleo-basin geometry and facies architecture, we constructed three stratigraphic panels by correlating stratigraphic sections along W-E transects (Powhua-Shinchang, Luye-Tulan, Fuli-Chengkung) and hanging the youngest widespread chronost...
	To reconstruct sediment routing pathways and sediment sources, we measured sedimentary structures for paleocurrent (e.g., flute casts, ripple cross-lamination, imbricated gravel clasts) and paleoslope (e.g., axial planes of asymmetric slump folds) dir...
	4. Lithofacies and facies associations
	Nine lithofacies are identified in Plio-Pleistocene sedimentary rocks of the southern Coastal Range based on their distinctive characteristics and corresponding interpreted sedimentary processes (Table 1). We employ the classification scheme of Raymon...
	Facies Association 1 (FA1) consists of submarine flysch deposits spanning a wide range of grain size and sedimentary features comprising most of the Fanshuliao and Paliwan formations. The major facies in this group are mudstone (facies F1), turbidites...
	Facies Association 2 (FA2) includes sedimentary deposits that display a wide range of chaotic textures and internal structures formed by stratal disruption, slumping, sliding, and/or rock-mixing (Table 2). Extraformational clasts (pebble size and larg...
	Table 2. Facies associations of sedimentary rocks in the southern Coastal Range.
	volcaniclastic sandstone and conglomerate, ophiolitic rocks (gabbro, serpentinite, granodiorite, etc.), limestone, and quartz-rich sandstone (Figures 6A-E, S15–S16). Olistostrome facies (X3) are characterized by very thick massive beds of disturbed mu...
	Lastly, FA3 consists of tuffaceous turbidites (Vo) (Figure 5D) that represent distal syn-eruptive volcaniclastic deposits associated with syn-collision volcanism of the Luzon Arc (Lai, Ng, et al., 2018; Yang et al., 1995).
	This classification scheme permits interpretation of processes using a modern evidence-based approach that provides an unambiguous basis for defining lithostratigraphic units (Tables 1, 2). The Lichi Mélange in this scheme is restricted to facies that...
	Figure 5. Lithofacies photos – I: products of sediment gravity flows. (A) Conglomerate (F4) in Mukeng river – C (MKCc) section. Notes the bedding is overturned; (B) Thick-bedded sandstone and gritstone (F3) in MKCc section, associated with conglomerat...
	Figure 6. Lithofacies photos – II: products of mass wasting. (A) Volcaniclastic (andesitic) sandstone olistoliths (X4) embedded in slump bed (X2) with soft-sediment deformation at Yungfong (YF) section; (B) Sandstone olistoliths (X4) with soft-sedimen...
	5. Contact and map relationships
	In our field survey, we identified the fault zone rocks (i.e., uncompacted cataclasite, fragmented mudstone with pencil cleavage, and fault gouge) of the Tuluanshan fault (Figure 7), which cuts all lithological units including Lichi Mélange in the sou...
	In contrast to identified brittle fault contacts, most contacts between Lichi Mélange and other sedimentary units are depositional. Eight of the best exposed depositional contacts are documented in Figure 8, including the classic outcrops reported by ...
	The degree of shearing at depositional contacts varies from none (e.g., Figure 8A, B, D, H) to high (e.g., Figure 8F). None of the sheared contacts coincides with post-diagenetic brittle fault gauge, cataclasite, or pencil cleavage, making them easily...
	Some studies map a “Yungfong fault” at the contact between Lichi Mélange and Fanshuliao Formation in the Yungfong (YF) section (Figures 4, S2), with variously proposed vergence directions (west-vergent or east-vergent) (Chang et al., 2000; Chen, 1997b...
	Based on careful assessment of contact relationships, our geological map reveals common pinch-out of the Lichi Mélange with lateral and vertical facies transitions to pebbly mudstone beds (X1) of the Fanshuliao and Paliwan formations (Figures 4, S1–S2...
	Figure 7. Field photos for Tulaunshan fault damage zone and core (uncompacted cataclasite and/or gouge zone). (A) Tuluanshan fault cataclasite in Chungye river (CYC) section; (B) Gouge zone (bounded by red dash lines) of the Tuluanshan fault along Roa...
	Figure 8. Field photos for depositional contacts (white dash lines) between Lichi Mélange & other units. (A) Chiaolai river (CLC) section, same place as ‘Locality J' in Page and Suppe (1981); (B) Mukeng river – C (MKCc) section. Notes the bedding is o...
	Figure 9. Type sections for Fanshuliao and Paliwan formations in the southern Coastal Range. (A) Madagida river (MDJ) section; (B) Bieh river – A (BCa) section. Black arrow heads on the left mark the stratigraphic heights of magneto-biostratigraphic c...
	Figure 10. Selective sections showing stratigraphic columns and lithofacies changes in the depositional transitions between Lichi Mélange and other sedimentary units. (A) Yungfong (YF) section and measured depositional contact zone; (B) Chungye river ...
	Figure 11. Polarizing micrographs of index calcareous nannofossils, recovered from Paliwan Formation, and overlying Lichi Mélange, with scale bars of 5 μm. Photo numbers 1 and 5 are Pseudoemiliania lacunosa. Numbers 2 and 6 are Gephyrocapsa oceanica. ...
	6. Basin-fill stratigraphy of the southern Coastal Range
	6.1. Age of sedimentary units and unconformities in the southern Coastal Range
	The sedimentary fill of the southern Coastal Range basin is dominated by Plio-Pleistocene deep-marine orogen-derived deposits that formed by gravity-driven processes (Lichi Mélange, Fanshuliao and Paliwan formations). These deposits overlie a regional...
	Our compilation of age data shows that the same group of youngest index microfossils are present in the matrix of Lichi Mélange and interbedded Fanshuliao and Paliwan formations (Figures 9, 10, S3–S14). Microfossils whose last-appearance ages are olde...
	The Kangkou Limestone is only preserved at the base of the Sanshian river (SSS), Shingang river (SGS), and Babian river (BBS) sections (Figures 4, S8, S9). In this area, it contains planktonic foraminifera Gr. crassaformis (FAD 4.31 Ma) at the base an...
	6.2. Type sections and marker beds of the Fanshuliao and Paliwan formations
	The Madagida river (MDJ) and Bieh river – A (BCa) sections are widely accepted as stratotypes for the Fanshuliao and Paliwan formations in the southern Coastal Range (Chen, 2009; Huang et al., 2018) (Figure 9). Widespread layers of pebbly mudstone (fa...
	Pebbly mudstone and tuffaceous turbidite marker beds have unique sedimentary textures and clast compositions that permit regional correlation. These marker beds are interpreted to record distinct geological events such as seismicity-triggered submarin...
	6.3. Stratal architecture of the southern Coastal Range
	Using correlations summarized above and restored distances between stratigraphic sections, we constructed 2D west-east facies panels that reveal the original paleo-basin geometry along three studied stratigraphic transects (Figures 12, 13). The panels...
	The reconstructed stratigraphic architecture of eastward thinning and onlap in Plio-Pleistocene orogen-derived deposits of the southern Coastal Range is unlike the arc-ward thickening stratal pattern that is typically observed in forearc basins (Noda,...
	Figure 12. Stratigraphic panels of southern Taiyuan area, with restored distances between stratigraphic sections. (A) Powhua-Shinchang transect; (B) Luye-Tulan transect. Black and white rectangles with red outlines along the Madagida river (MDJ) secti...
	Figure 13. Stratigraphic panel of Fuli-Chengkung area, with restored distances between stratigraphic sections. Black and white rectangles with red outlines show paleomagnetic polarities of Bieh river – A (BCa), Duwei river (DWC), Shingang river (SGS),...
	7. Paleoslope and paleocurrent data
	7.1. Paleoslope orientations
	Paleoslopes determined from vergence direction of asymmetric slump folds (facies X2) show prevailing east to southeast slump directions in modern coordinates (Figure 14A). Our results are consistent with previously published data in the Luye region (P...
	7.2. Paleocurrent directions
	Paleocurrent directions exhibit temporal and spatial variations among different lithofacies (Figure 14B). In orogen-derived turbidites and other cohesionless sediment gravity flow facies (F2–F4), paleotransport is dominantly toward the south in modern...
	After correcting for 30  ± 10  clockwise block rotation in the Coastal Range rocks (Lee et al., 1990), we use paleoslope and paleo transport indicators to interpret the location of source areas and sediment-routing pathways for each facies association...
	8. Discussion
	8.1. Paleogeography and depositional setting
	Stratigraphic panels in the southern Coastal Range reveal an important pattern of lateral facies change in which western sections contain abundant olistostromal facies (association FA2), and age-equivalent sections in the east are dominated by flysch ...
	Minor syn-eruptive tuffaceous turbidites (facies Vo, association FA4) represent a distal record of arc volcanism during ~4–1 Ma deposition of the orogen-derived sedimentary sequence (Lai, Chu, et al., 2018; Song & Tang, 2019) (Figures 12, 13, 15A). Th...
	Figure 14. Paleoslope and paleocurrent directions. (A) Inferred paleoslope direction from vergence direction of slump folds (facies X2), including results from Page and Suppe (1981), and bedding corrected east-vergent slikenline shearing sense in basa...
	Figure 15. Lithofacies classification scheme. (A) Depositional environment model (modified from Stow and Mayall (2000)) and facies associations (FA1–3) of the Coastal Range sedimentary rocks. White dash box marks the place where mélange-forming proces...
	Formation below the basal unconformity (Figure 3). These results are consistent with the presence of north-trending volcanic arc main body identified in the offshore directly east of Taiwan based on well-defined magnetic (Hsieh et al., 2014; Shyu et a...
	Based on facies interpretations above, we conclude that strata of the southern Coastal Range accumulated in a syn-orogenic, syn-collisional marine foredeep basin directly east of a steep orogenic front that formed the tectonically active western margi...
	8.2. Retro-foredeep basinal system in the Luzon forearc
	Results of our geologic mapping and basin reconstruction reveal that the modern topography of the Coastal Range is controlled by tightly folded and faulted rocks of a marine foredeep basin that formed on the eastern retrowedge flank of the Taiwan orog...
	Data presented above provide evidence for east-dipping paleoslopes and olistostromal facies in the west, which pass laterally eastward into an eastward-thinning marine flysch succession that onlaps onto a gently west-dipping regional unconformity (Fig...
	Despite these ambiguities, several observations suggest that the modern setting is not an exact analog for the past. First, the entire Coastal Range basin subsided rapidly below sea level until ~1 Ma, as indicated by the youngest depositional age of t...
	Figure. 16. Synthetic comparison of the two end-member models interpreting the role, age, and evolution of the Lichi Mélange. (A) Olistostromal origin model. Details are synthesized from several publications (Chi et al., 2014; Dorsey & Lundberg, 1988;...
	We therefore postulate that the asymmetric westward-deepening basin geometry represents a deflection profile produced by lithospheric flexure in response to tectonic loading in the Taiwan collisional orogen to the west (Figure 16A). This is consistent...
	This hypothesis is consistent with the observed eastward progradation of coarse-sediment facies including mass-wasting deposits (X1 and X3) and channelized gravelly sediment gravity-flow deposits (F3 and F4), which are best explained as the result of ...
	Lithofacies of the Tuluanshan Formation beneath the basal unconformity (Figure 3) make up a sequence of volcanic and volcaniclastic rocks that record underwater to subaerial eruptions within and on the flanks of late Miocene (~15–6 Ma) subduction-rela...
	8.3. Genesis and distribution of the Lichi Mélange
	All published studies agree that the modern expression and distribution of the Lichi Mélange are influenced by tectonic shearing related to faults in the western Coastal Range that have been active in the past ca. 1 Myr (e.g., Chang et al., 2000; Page...
	Based on evidence presented above, we propose a polygenetic model for evolution of the Lichi Mélange in eastern Taiwan (Figure 16A). During the growth of orogenic topography between ~6 and 1 Ma, eastward propagating thrust faults drove basinward migra...
	Our interpretation for the Lichi Mélange contrasts with a popular model proposed in prior studies, in which the Lichi Mélange solely formed by tectonic shearing of older sedimentary rocks in an east-vergent then west-vergent mega-thrust zone as a resu...
	The extent to which tectonic deformation has been absorbed in the present form of the Lichi Mélange remains unclear. It is plausible that post-depositional structures (both pre-1 Ma east-vergent thrusts and post-1 Ma west-vergent thrusts) influenced s...
	8.4. Crustal shortening and tectonic recycling at the suture of an arc-continent collision
	Because the Lichi Mélange formed primarily by sedimentary mass-wasting processes, the belt of rocks mapped as this mélange should not be considered as a “mega-thrust” zone that absorbs most of the crustal shortening associated with accretion of the Lu...
	Our data confirm that exotic blocks in olistostromes of the Lichi Mélange, and variably rounded clasts of associated debris flow deposits, contain a diverse set of lithologies including arc-related andesite, andesitic volcaniclastic sandstone, limesto...
	These results suggest that volcanic arc and forearc crustal fragments of the oceanic Philippine Sea plate were tectonically recycled into the eastern retrowedge of the collisional orogen, likely by accretion and/or underplating within a subduction zon...
	During the past ca. 1 Myr, the Lichi Mélange and retro-foredeep strata of the Coastal Range have been rapidly uplifted, imbricated, and incorporated along with underlying volcanic arc crust into the leading edge of the modern collisional orogen (Figur...
	9. Conclusions
	Our multidisciplinary study confirms a sedimentary origin for the ca. 4–1 Ma Lichi Mélange in the southern Coastal Range of eastern Taiwan. This unit formed by submarine slope failures, slides, slumps, and debris flows that interfinger laterally with ...
	During the past ca. 1 Myr, the Lichi Mélange and retro-foredeep strata of the Coastal Range have been rapidly uplifted, deformed, and incorporated into the ocean-facing margin of the modern collisional orogen along with underlying Miocene volcanic arc...
	10. Bridge
	Chapter II investigates long-debated genesis of the Lichi Mélange and associated of retrowedge foredeep basin developed on top of the Luzon Arc crust during Taiwan’s orogenesis. The results show how crustal materials got progressively mixed and recycl...
	CHAPTER III
	EXTREMELY RAPID UP-AND-DOWN MOTIONS OF ISLAND ARC CRUST DURING ARC-CONTINENT COLLISION
	This chapter has been published as Lai, L. S.-H., Dorsey, R. J., Horng, C.-S., Chi, W.-R., Shea, K.-S., and Yen, J.-Y. (2022) Extremely rapid up-and-down motions of island arc crust during arc-continent collision. Communications Earth & Environment, 3...
	1. Introduction
	Vertical crustal motions are fundamental to the creation of topography, development of sedimentary basins, and the rock cycle (Champagnac et al., 2012; Turner & Williams, 2004). Rapid vertical displacement rates (mm yr-1) are often driven by tectonic ...
	Stratigraphic study of inverted syn-orogenic sedimentary basins provides a powerful tool with which to document rapid subsidence and uplift of unmetamorphosed near-surface rocks in zones of mountain building at tectonically active plate margins (Turne...
	The island of Taiwan has emerged since late Miocene time through active collision between the Luzon island arc on the Philippine Sea plate and the Chinese continental margin of the Eurasian plate (Byrne et al., 2011) (Figure 1). Rapid (~82 mm yr-1) ob...
	Figure 1. The Coastal Range of eastern Taiwan. (a) Regional tectonic configuration (Sandmann et al., 2015; Sibuet et al., 2021) (inset), simplified geological map of the Coastal Range (Lai, Dorsey, et al., 2021) and analyzed stratigraphic sections (bl...
	Miocene arc crust-bearing mélange (Yuli Belt) from >35 km crustal depth (Chen, Chung, et al., 2017; Lo et al., 2020; Mesalles et al., 2020; Sandmann et al., 2015; Yui et al., 2014) and rapid Quaternary emergence of the unmetamorphosed arc crust in the...
	The Coastal Range contains a thick succession of Plio-Pleistocene orogen-derived marine flysch, conglomerate (Fanshuliao and Paliwan formations), and olistostromes (Lichi Mélange) that rest unconformably on Miocene volcanic arc basement (Tuluanshan Fo...
	Figure 2. Stratigraphy of the Coastal Range. Locations of studied sections are shown in Figure 1. GPTS = Geomagnetic polarity timescale. FAD = First appearance datums of index microfossils. Tls. = Tuluanshan Formation; k. = Kangkou Limestone. See deta...
	To document the timing, magnitude, and rates of vertical crustal motions in the Coastal Range of eastern Taiwan, we compiled geologic and magneto-biostratigraphic data to date and accurately reconstruct two composite stratigraphic columns in the north...
	Using high-fidelity constraints on stratigraphy and paleobathymetry, updated eustatic sea level curve (Supplementary Figure 7), and porosity-depth functions for relevant sediment types (Supplementary Figure 8), we conducted a modern 1-D backstripping ...
	Figure 3. Sediment accumulation rates and subsidence-uplift histories of the Coastal Range. (a) Stratigraphic age models for the Coastal Range. (b-c) Geohistory curves of the northern and southern Coastal Range. Symbols and color-fill style follow Fig...
	6. Bridge
	Chapter III highlights dynamic up-and-down crustal motions that took place during accretion of the Luzon Arc crust at the suture zone of Taiwan’s arc-continent collision. The results reveal rapid basin subsidence and succeeding exhumation of unmetamor...
	CHAPTER IV
	COARSE SEDIMENT SUPPLY SETS THE SLOPE OF BEDROCK CHANNELS IN RAPIDLY UPLIFTING TERRAIN: FIELD AND TOPOGRAPHIC EVIDENCE FROM EASTERN TAIWAN
	This chapter has been published as Lai, L. S.-H., Roering, J. J., Finnegan, N. J., Dorsey, R. J., and Yen, J.-Y. (2021) Coarse sediment supply sets the slope of bedrock channels in rapidly uplifting terrain: Field and topographic evidence from eastern...
	CHAPTER V
	DISSERTATION SUMMARY
	This dissertation has examined the sedimentary stratigraphy and modern topography of Taiwan’s Coastal Range with important implications for syn-orogenic crustal recycling, sedimentary basin development, and landscape evolution at the interface of two ...
	In chapter II, I established a high-fidelity stratigraphic framework for sedimentary strata in the southern Coastal Range of eastern Taiwan, using integrated field surveys, sedimentology, paleomagnetism, and microfossil studies, which provide robust c...
	In chapter III, I combined high-resolution chronostratigraphy, paleo water depth reconstruction, and backstripping models of crustal subsidence history to document an extremely rapid emergence of the Coastal Range of eastern Taiwan from deep marine to...
	In chapter IV, I combined theoretical tools in quantitative geomorphology with physical parameters constrained from digital elevation models and field observations to investigate the primary surface processes that control the shape of modern landscape...
	Combined works in this dissertation outline the future for sedimentological and geomorphic research to understand the interactions and feedbacks among surface and tectonic processes, and to detect their temporal-spatial scales. This study emphasizes t...
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	Supplementary Figure 1. Lithostratigraphy and age interpretations of the Bieh river (BC), Madagida river (MDJ), and Sanshian river (SSS) sections in southern Coastal Range, summarized from Lai, Dorsey, et al. (2021). Tick marks on the right side of pa...
	Supplementary Figure 2. Litho-, magneto-, biostratigraphy of Hsiukuluan river (HKL), Wulou river (WL), Fungfu (FF), and Fungpin (FP) sections in northern Coastal Range. See data locations in Supplementary Figures 3–4. Projected positions of new paleom...
	Supplementary Figure 3. Geologic map of the Hsiukuluan river (HKL) and Wulou river (WL) sections. Data are summarized from previously published works (Hsu et al., 2017; Teng et al., 2016; Wang & Chen, 1993; Yi et al., 2012) and this study. Paleomagnet...
	Supplementary Figure 4. Geologic map of the Fungfu (FF) and Fungpin (FP) sections. Data are summarized from previously published works (Chen & Wang, 1997; Hsu et al., 2017; Wang & Chen, 1993; Yi et al., 2012) and this study. Paleomagnetic samples are ...
	Supplementary Figure 5. Geologic cross section across Fungfu (FF) and Fungpin (FF) sections. Green short lines show projected (apparent) bedding dip. Paleomagnetic data collected in slump beds and olistoliths from Lee (1989) (in red dashed circles wit...
	Supplementary Figure 6. Zijderveld-type diagrams showing representative results of demagnetization in paleomagnetic samples. Data are collected from Hsiukuluan river (HKL), Wulou river (WL), and Fungpin (FP) sections. Demagnetization methods are shown...
	Supplementary Figure 7. Foraminifera-based paleobathymetry estimates and relative sea level (Miller et al., 2020). Blue lines are present-day sea level. Raw data are marked in gray in the background. Red points are means and standard errors of the nea...
	Supplementary Figure 8. Global average porosity-depth functions and grain density for sandy, muddy, and mean marine sediments (for pebbly mudstone). Source functions and averaged grain densities are compiled from previous publications (Gallagher & Lam...
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