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ABSTRACT

An investigation of allogenic forcings on shallow-marine strata of the
Miocene-Pliocene Kueichulin Formation, Taiwan Western Foreland Basin,
reveals that shifts in palaeoenvironments were strongly controlled by: (1)
orogenesis and basin subsidence, (2) precession-driven hydroclimate and (3)
obliquity-driven atmospheric and ocean circulation. Shifts from a
wave-dominated open shelf to a tide-dominated shallow-marine deltaic envi-
ronment were controlled by basin subsidence and the uplift and erosion of
Taiwan. Rapid deepening of the Western Foreland Basin (~5400 Ka) and low
sedimentation rates contributed to the development of lower offshore to dis-
tal delta front environments with limited fluvial and storm influence. As the
uplift and erosion of Taiwan accelerated after ~4920 Ka, sediment filled the
basin, forming shallow-marine deltaic environments. The emergence of Tai-
wan also led to the shallowing and narrowing of the palaeo-Taiwan Strait,
resulting in strengthened tidal currents. Sedimentation from Taiwan is domi-
nantly driven by tropical cyclone precipitation with lesser monsoon contri-
bution, which is driven by summer insolation that mainly responds to
eccentricity-modulated precession. Therefore, tropical cyclone beds pre-
served in the strata correspond to periods of maximum precession ampli-
tudes, with the most amalgamated expressions occurring during periods of
sea-level minima. Enhanced seasonal variations in insolation during periods
of high obliquity amplitude may lead to fluctuations in ocean-atmospheric
circulation, resulting in increased variability in sedimentation, and by
extension, shifts in depositional environments. This is preserved in the
Kueichulin Formation in facies that reflect the strengthening of tidal currents
during periods of high obliquity amplitudes. The findings establish
high-sedimentation and high-accommodation shallow-marine basins as
potential records for effectively disentangling the relative influence of allo-
genic forcings on sedimentary systems, which is essential for understanding
the response of the Earth’s surface to climate, sea-level fluctuations and tec-
tonism in the geologic past.
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INTRODUCTION

The sedimentary rock record represents an
important archive that can be used to interpret
and reconstruct palaeoenvironmental change
over geological timescales, such as changes in
the frequency and intensity of extreme weather
events related to climate change in the Earth’s
past (e.g. Prieur et al., 2025). Changes in the sed-
imentary environment may be driven by both
allogenic processes (i.e. extrinsic drivers such as
sea-level fluctuations, tectonic uplift and subsi-
dence and/or climate changes) and autogenic
processes (i.e. intrinsic drivers such as channel
abandonment and delta lobe switching). To
varying degrees, allogenic and autogenic pro-
cesses influence changes in the supply, dis-
persal and deposition of sediment, its erosion
and, correspondingly, its preservation, all of
which may be imprinted in the sedimentary
record (e.g. Jervey, 1988; Schlager, 1993; Burgess
& Prince, 2015). As a result, the ability to distin-
guish different allogenic and autogenic pro-
cesses that control deposition is crucial for
reconstructing sedimentary environments in the
Earth’s past (e.g. Castelltort et al., 2017; Hajek &
Straub, 2017; Vaucher et al., 2024).

Herein, we present a semi-quantitative analy-
sis of facies preserved in shallow-marine strata
of the late Miocene to Pliocene Kueichulin For-
mation in the Taiwan Western Foreland Basin
(WFB; Fig. 1) to evaluate the combined effects of
climate change at Milankovitch scales (>20 kyrs)
and tectonic forcing (>1000 kyrs) on the evolu-
tion of sedimentation processes and palaeoenvir-
onments. Autogenic drivers are excluded from
this study as they typically have timescales of
less than 10 kyrs (e.g. Exner, 1925; Cazanacli
et al.,, 2002; Sun & Parker, 2005; Edmonds &
Slingerland, 2007; Jerolmack & Mohrig, 2007;
Jerolmack & Sadler, 2007; Kim & Paola, 2007;
Jerolmack & Paola, 2010; Cojan & Gillot, 2022).
Facies reflect discrete depositional processes
operating in sedimentary environments and are
based on both physical sedimentological charac-
teristics (e.g. lithology, grain size, sedimentary
structures, bedding contacts and accessory fea-
tures) and biogenic sedimentary attributes (e.g.
bioturbation intensity, bioturbation distributions

and ichnological assemblages). Traditional indi-
cators used to evaluate forcing on sedimentary
environments (e.g. lithology, grain size, calcu-
lated sediment supply) are not unique to any
single depositional environment and can reflect
a variety of depositional processes. In contrast,
facies are based on process interpretations that
are reflective of depositional conditions within
discrete sedimentary environments, and hence,
serve as more robust indicators of environmental
change.

In contrast to traditional cyclostratigraphic
studies, which typically focus on strata that
exhibit visually apparent cyclic patterns in envi-
ronments of rather stable sedimentation rates,
our study adopts a novel approach by evaluating
sedimentary successions that do not exhibit
obvious visual signs of cyclicity (i.e. rhythmi-
cally interbedded mudstone and sandstone).
However, sedimentary attributes within the suc-
cession, such as gamma-ray signatures, reveal
quasi-cyclic variations at Milankovitch fre-
quency bands that are not readily discernible
through visual inspection (Hsieh et al., 2023a).
Rather than assuming or pre-selecting cyclicity
based on visual inspection, this study seeks to
evaluate the relative influence of climate cycles
versus tectonism on sedimentary facies. We sug-
gest that this approach minimizes the risk of cir-
cular reasoning that may arise from focusing
solely on already cyclic strata and ascribing cli-
mate as the main driver of cyclicity, thus offer-
ing a more robust framework for understanding
climate-related versus tectonic-related controls
on sedimentary records.

The ability to resolve allogenic controls on
sedimentary processes from the stratigraphic
record can complement and constrain modelled
projections of extreme weather-event intensity.
Previous reconstructions of forcings on sedimen-
tary systems have generally considered grain
size, lithology and sediment supply/provenance
as the dominant indicators of environmental
change (e.g. Whittaker et al., 2011; Armitage
et al., 2013; Romans et al., 2016; Li et al., 2018;
Sharman et al.,, 2019). However, while single-
variable proxies (e.g. grain size, lithology, sedi-
ment supply) are easily measured and quantified
(Armitage et al., 2013; Romans et al., 2016), they
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Fig. 1. (A) Simplified geological map of Taiwan showing the main geological provinces (data from Lin
et al., 2003; Simoes & Avouac, 2006; Lin & Chen, 2016) and locations of the Da’an River outcrop (120.91062° E,
24.29479° N) and the Taiwan Chelungpu-fault Drilling Project-A (TCDP-A; 120.73916° E, 24.20083° N) borehole of
the Kueichulin Formation. The inset map shows the geographical location of Taiwan (background image source:
Google Earth). (B) Geochronology of sedimentary strata in north-central parts of the WFB of Taiwan (after Teng
et al., 1991; Chen, 2016; Hsieh et al., 2023a). Yellow denotes that the main lithology is sandstone, and grey indi-

cates shale.

are not reflective of distinct sedimentary envi-
ronments or of sedimentary processes. Shifts in
sediment provenance, for example, may cause
changes in the sedimentary record, but are diffi-
cult to constrain, especially in marine environ-
ments and in tectonically active regions wherein
sediment mixing is pronounced and sediment
sources change through time (e.g. Hsieh

et al, 2024). As well, reconstructions of
sedimentary systems tend to focus on the
importance of either climate-driven or climate-
independent drivers, but the combined effects
of these forcings have yet to be resolved
effectively.

Finally, palaeoclimate reconstructions also
traditionally focus on using proxies from
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low-energy depositional settings, such as
deep-marine and lacustrine environments,
because they are regarded as being associated
with relatively continuous sediment deposition
over long time scales, resulting in the preserva-
tion of a relatively ‘complete’ climate record
(Sadler, 1981). Shallow-marine settings are more
susceptible to sediment reworking, which may
remove or ‘shred’ environmental records
(Jerolmack & Paola, 2010; Lazarus et al., 2019).
However, in high-sedimentation and high-
accommodation basins, the effects of such
‘shredding’ in shallow-marine settings may be
diminished, resulting in the preservation of a
high-resolution, direct record of environmental
change at Milankovitch-scales or longer (i.e.
>20-kyr resolution; e.g. Marshall et al., 2017;
Grant et al., 2019; Vaucher et al., 2021; Hsieh
et al., 2023a; Vaucher et al., 2023b; Vaucher
et al., 2024).

STUDY AREA

Geological setting

The Taiwan Orogen (Fig. 1A) formed through the
oblique collision of the Luzon Arc on the Philip-
pine Sea Plate and the Eurasian Plate (e.g.
Suppe, 1981, 1984; Lin et al, 2003). This colli-
sion began in the late Miocene and triggered lith-
ospheric thickening and flexure that subsequently
formed the WFB (e.g. Lin & Watts, 2002). Before
Taiwan emerged from the Pacific Ocean, sedimen-
tation in the WFB (i.e. the palaeo-Taiwan Strait)
was derived primarily from Eurasia (Chen
et al., 2019; Garzanti et al., 2021). However, at the
Miocene-Pliocene transition (~5.3 Ma), a shift in
the sediment source occurred, and the emergent
Taiwan Orogen became the major source of sedi-
ment to the basin (Dashtgard et al., 2021; Hsieh
et al., 2023D).

Taiwan is divided into five main geological
realms from west to east: Coastal Plain, Western
Foothills, Hsuehshan Range, Central Range and
Coastal Range (Fig. 1A; Lin & Chen, 2016). The
Western Foothills (Fig. 1A) are a fold-and-thrust
belt that exposes sedimentary units ranging from
the Oligocene to Recent. In the northern part of
the Western Foothills, the Kueichulin Formation
(late Miocene to early Pliocene), Chinshui Shale
(late Pliocene), Cholan Formation (early to mid-
dle Pleistocene) and Toukoshan Formation (mid-
dle to late Pleistocene). Collectively, these strata
form the sedimentary fill of the WFB (Fig. 1B;

Teng, 1990; Nagel et al., 2013). These formations
reflect deposition in shallow-marine (nearshore
to offshore) environments along the margin of
the palaeo-Taiwan Strait and were influenced by
tidal and fluvial processes with subordinate
wave influence (Castelltort et al., 2011; Nagel
et al., 2013; Pan et al.,, 2015; Dashtgard et al.,
2020; Vaucher et al., 2023a). The ages of strata
are well-constrained through a combination of
magnetostratigraphy, biostratigraphy and cyclos-
tratigraphy (Chen, 1977; Horng & Shea, 2007;
Nagel et al., 2013; Pan et al.,, 2015; Vaucher
et al., 2021, 2023b; Hsieh et al., 2023a).

The Kueichulin Formation (Fig. 1B), which is
the focus of this study, records the emergence of
Taiwan and encompasses (from base to top): the
Kuantaoshan Sandstone (predating the emer-
gence of Taiwan), Shihliufen Shale (onset of
Taiwan’s emergence) and Yutengping Sandstone
(early-emergent Taiwan) (Fig. 1B; Nagel et al.,
2013; Dashtgard et al., 2020; Dashtgard et al.,
2021; Hsieh et al., 2023b).

Environmental background

The continued rapid uplift and active tectonism
of Taiwan results in frequent earthquakes and
mass-wasting events that liberate an abundant
supply of sediment from the orogen (Dadson
et al.,, 2003; Milliman & Kao, 2005; Milliman
et al., 2007; Chen et al., 2018). This sediment is
subsequently delivered to adjacent seas during
periods of high precipitation associated with
tropical cyclones and the East Asian Summer
Monsoon (Dadson et al., 2003; Hilton et al., 2010;
Kao et al.,, 2014; Lin et al., 2020). Taiwan is
located at the terminus of high-intensity (i.e. cate-
gory 4 to 5 on the Saffir-Simpson Hurricane
Intensity Scale) tropical cyclones in the western
Pacific Ocean (Milliman et al., 2017). Over the
last 35 years, on average, 3.5 TCs pass over Tai-
wan or within 50 km of the coastline per year
(Dashtgard et al., 2020). Super-TCs (i.e. category
4 to 5 on the Saffir-Simpson Hurricane Intensity
Scale; Kelman, 2013) impact Taiwan approxi-
mately once every 4 years. Tropical cyclones
account for 47.5% of annual rainfall in Taiwan
(Chen et al., 2010). Tropical cyclone precipitation
delivers high volumes of sediment discharged
through rivers (Dadson et al., 2003, 2004; Milli-
man & Kao, 2005; Chien & Kuo, 2011; Chen
et al, 2018; Dashtgard et al., 2021; Hsieh
et al., 2023b). Over 75% of the sediment deliv-
ered from Taiwan to the surrounding seas occurs
during tropical cyclones (Milliman et al., 2007;
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Kao & Milliman, 2008; Chen et al., 2018), and this
is amplified if a tropical cyclone interacts with
the East Asian Summer Monsoon season (Chien
& Kuo, 2011; Wu et al., 2011; Lee et al., 2015;
Vaucher et al., 2021).

A substantial volume of terrestrially sourced
sediment delivered by rivers during tropical
cyclone-induced floods is supplied to the shelf
through hyperpycnal and hypopycnal flows (e.g.
Milliman & Kao, 2005; Milliman et al., 2007). In
the modern-day Taiwan Strait, tropical cyclones
not only provide precipitation that serves to
deliver sediment from its steep-gradient rivers,
but storm waves also rework the sediment
deposited in shallow-marine environments (i.e.
storm flood and river flood; Collins et al., 2017;
Lin & Bhattacharya, 2021; MacEachern &
Bann, 2023; Vaucher et al.,, 2023a). The rela-
tively warmer temperatures of the late Miocene
and Pliocene resulted in increased fluctuations
in sea-surface temperature and ice volume,
which resulted in more frequent and more
intense tropical cyclones than occur in the mod-
ern day (Fedorov et al., 2010; Coumou & Rahm-
storf, 2012; Yan et al., 2016; Kossin et al., 2020).

MATERIALS AND METHODS

This study is based on sedimentary data from
one outcrop and one cored section with an
accompanying gamma-ray profile. Both intervals
extend through the late Miocene to late
Pliocene-aged  Kueichulin  Formation in
west-central Taiwan. The 429 m thick outcrop
section along the Da’an River in central Taiwan
(Fig. 1A) extends from the upper Kuantaoshan
Sandstone through the majority of the Yutengp-
ing Sandstone (Dashtgard et al, 2020; Hsieh
et al., 2023b). The 407 m long core was acquired
through the Yutengping Sandstone as part of the
Taiwan Chelungpu-fault Drilling Project-A
(TCDP-A, Fig. 1A; Lin et al., 2007).

Core and outcrop data

Sedimentary facies are defined for the Kueichu-
lin Formation based on descriptions of the
Da’an River outcrop (Dashtgard et al., 2020;
Hsieh et al., 2023b) and the TCDP-A core (this
study), including lithology, grain size, sedimen-
tary structures, bedding contacts, accessory fea-
tures and ichnological descriptions (Table 1;
Figs. 2 and 3). Ichnological descriptions include
trace-fossil identifications and bioturbation

index assessments (BI 0 to 6; Reineck, 1963;
Taylor & Goldring, 1993). The disarticulated and
broken condition of all body fossils found in the
Kueichulin Formation precludes identification
and use for age determination. The TCDP-A
wellbore was drilled at a slight angle from verti-
cal (Lin et al., 2007). Through the Yutengping
Sandstone, the bedding dips at ~30° (combina-
tion of structural dip and drill angle), and bed
thicknesses are corrected accordingly.
Gamma-ray (GR) data from the TCDP-A well-
bore are used as a proxy for lithology due to its
high resolution (Lin et al., 2007). In siliciclastic
rocks, low GR values (<75 American Petroleum
Institute (API) units) generally correspond to
sandstone-dominated intervals, high GR values
(>105 API) reflect mudstone-dominated intervals
enriched in radiogenic minerals, and GR values
between 75 and 105 API correspond to hetero-
lithic units or muddy sandstone/sandy mudstone
(Green & Fearon, 1940; Schlumberger, 1989).

Time-series analysis

Time-series and astrochronological analyses of
the Da’an River outcrop and the TCDP-A core
are completed using the open-source software
‘R’ and the ‘astrochron’ package (Meyers, 2014;
R Core Team, 2022) in both the depth and time
domains. A cyclostratigraphic age model for the
Kueichulin Formation was created by Hsieh
et al. (2023a) by correlating gamma-ray data
from the formation to an astronomically tuned,
benthic foraminiferal, stable oxygen isotope
(8"®0) record from the equatorial Atlantic Ocean
(Wilkens et al., 2017), where low gamma-ray
values (i.e. sandstone-rich) are correlated to high
880, and vice versa. Prominent shifts in facies
and their subcomponents (i.e. lithology, grain
size and BI) in the depth and time domains are
compared to orbital cycles (i.e. 405 kyr long
eccentricity, 100 kyr short eccentricity, 41 kyr
obliquity and 23 kyr precession) to evaluate
orbital forcing on the sedimentary system. The
magnetobiostratigraphic (Figs S1 and S2) and
astronomically tuned (Figs 7 and 8) datasets are
also compared to orbital indices calculated by
Laskar et al. (2004) to assess the relationship
between sedimentary facies and/or their charac-
teristics and orbital forcing. Furthermore, the
datasets are compared to global mean sea-level
and the p-0.5 t curve that is not related to any
specific latitude but is most similar to summer
insolation received at ~65° latitude in the North-
ern Hemisphere (Lourens et al., 1996).
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Allogenic forcings on shallow-marine environments 11

The astronomically tuned datasets are filtered
using a Taner bandpass filter (Taner, 1992) at
different periodicities to evaluate the individual
effects of eccentricity, obliquity and precession
forcing on facies patterns. This is done by
applying low-cut-off and high-cut-off frequen-
cies of 0.0125 and 0.007 cycle kyr*' for eccen-
tricity; 0.03 and 0.021 cycle kyr~ ' for obliquity;
and 0.06 and 0.04 cycle kyr ' for precession
(Zeeden et al., 2018). The amplitudes of eccen-
tricity, obliquity or precession-frequency compo-
nents are isolated using a Hilbert transform and
compared to orbital indices (Figs S3 and S4;
Laskar et al., 2004).

RESULTS

Sedimentary facies

Bioturbated mudstone (facies 1)
Description. Facies 1 consists of bioturbated
mudstone with rare wavy-laminated to planar
parallel-laminated siltstone interbeds that show
subtle coarsening-upward cycles (Fig. 4; Table 1).
Bioturbation intensities are generally high (BI 3
to 5, less commonly 6). Mud-filled trace fossils
are difficult to identify owing to a lack of litho-
logic contrast with the mudstone matrix. Readily
identifiable ichnogenera include Planolites, Ros-
selia, Skolithos and Thalassinoides.
Interpretation. The physical and biogenic sedi-
mentary features of Facies 1 suggest deposition
in a lower offshore environment. In such set-
tings, low-energy conditions allowed for suspen-
sion settling of mud and pervasive infaunal
colonization (e.g. Milliman et al, 2007). The
presence of rare coal fragments indicates mini-
mal fluvial influence. The uncommon storm-
generated sedimentary structures (e.g. laminated
siltstones) suggest these strata were deposited
below fairweather wave base and close to but
generally above storm wave base, in water
depths >35 m (Dashtgard et al., 2021) and above
100 m (Nagel et al., 2013).

Bioturbated sandy mudstone to muddy
sandstone (facies 2)

Description. Facies 2 (Fig. 4) comprises biotur-
bated sandy mudstone to muddy sandstone.
Physical sedimentary structures are typically not
preserved owing to pervasive bioturbation. The
exceptions to this are uncommon intercalations
of sharp-based, planar parallel to cross-
laminated and hummocky cross-stratified (HCS)

sandstone beds. In Facies 2b, these sandstone
interbeds are typically capped by massive to
wavy parallel-laminated mudstone drapes. Bio-
turbation intensities are moderate to high (BI 3
to 5), except in the laminated sandstone inter-
beds (BI 0 to 2). Disarticulated bivalve, crab and
gastropod fossils, as well as coal fragments
occur throughout Facies 2 but are particularly
common in Facies 2a. Additionally, shell hash
and rip-up clasts, as well as abundant Ditrupa
tubes are found in Facies 2a in the Kuantaoshan
Sandstone. The trace fossils identified in Facies
2 are Asterosoma, Chondrites, Ophiomorpha,
Phycosiphon, Planolites, Rosselia, Schaubcylin-
drichnus coronus, Schaubcylindrichnus freyi,
Skolithos, Teichichnus and Thalassinoides.
Some units also have Diplocraterion or Scolicia.

Interpretation. The highly bioturbated sandy
mudstone and muddy sandstone of Facies 2
reflect deposition in upper offshore (F2a) to dis-
tal delta front (F2b) environments near but
below fairweather wave base. Conditions with
limited fluvial influence allowed for thorough
bioturbation of the seafloor by a highly diverse
palaeo-community of trace-making organisms,
which led to the destruction of most primary
sedimentary  structures through sediment
reworking (Bann et al., 2004; Bann & Fielding,
2004). Where preserved, laminated sandstone
beds probably reflect either sediment reworking
by large waves or elevated sedimentation via flu-
vial discharge associated with tropical cyclones
(Dashtgard et al., 2020; Vaucher et al., 2023a).
The dark, carbonaceous mudstone drapes and
the presence of coal fragments are rare in F2a
but more commonly observed in F2b, suggesting
that F2b records enhanced influence of fluvial
discharge compared to F2a. Such mudstones are
likely fluid mud layers deposited from hypopyc-
nal plumes during river floods from heightened
precipitation that commonly accompany storms
(MacEachern et al., 2005; Bhattacharya & MacEa-
chern, 2009; MacEachern & Bann, 2020). The
presence of laminated sandstone beds, agglomer-
ations of Ditrupa tubes, disarticulated shell
hash, coal fragments and rip-up clasts reflects
storm influence.

Lenticular-bedded, wavy-bedded and flaser-
bedded heterolithic bedsets (facies 3)
Description. Facies 3 comprises lenticular-
bedded to wavy-bedded heterolithic bedsets of
mudstone and silty sandstone (F3a) and
wavy-bedded to flaser-bedded heterolithic bed-
sets of sandstone with mudstone (F3b; Fig. 5;
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Allogenic forcings on shallow-marine environments 13

Fig. 2. Outcrop (A) and facies (B) logs of the Kueichulin Formation outcrop along the Da’an River with sedimen-
tary data (C) in the depth domain. Dashed lines denote upper (332.3 m) and lower (366.3 m) boundaries of the
Shihliufen Shale. White intervals in the facies log denote inaccessible, covered or collapsed outcrop sections.
Acronyms: [lithology] mudstone (mst); silty to sandy mudstone (sl-s mst); muddy to silty sandstone (m-sl sst);
sandstone (sst) | [grain size] mud (m); silt (sl); very fine-grained (vf); fine-grained (f), medium-grained (m); coarse-
grained (c); very coarse-grained (vc) | [ichnology] bioturbation index (BI). Text on the outcrop log denotes posi-

tions of facies photos in Figs 4 to 6.

Table 1). Sharp-based, massive and planar to
wavy parallel-laminated mudstone beds with
rare inverse grading are interbedded with
current-rippled to wavy parallel laminated (F3a)
or massive to parallel-laminated and current-
rippled (F3b) sandstone beds. Facies 3b sand-
stone layers also exhibit uncommon trough to
low-angle planar tabular cross-stratification and
HCS. Sandstone beds typically have erosive
basal surfaces. Bioturbation occurs as largely
top-down burrowing and is typically confined to
mudstone-rich beds. BI ranges from 1 to 3 in the
mudstone beds and BI ranges from 0 to 1 in
the laminated sandstone beds. Rare mudstone
rip-up clasts, disarticulated bivalve shell frag-
ments and coal fragments are also found in the
laminated sandstone beds. Trace fossils identi-
fied in the facies include rare Arenicolites,
Asterosoma, Chondrites, Ophiomorpha, Phycosi-
phon, Planolites, Rosselia, rare Schaubcylin-
drichnus and Thalassinoides.

Interpretation. Facies 3 is interpreted to record
delta-front deposition in a tidal strait with
increased sediment supply from Taiwan and rel-
ative shallowing of the WFB. Fluvial influence
increases from Facies 3a to 3b. The heterolithic
mudstone and sandstone reflect fluctuating
energy conditions with repeated waning of uni-
directional to oscillatory flow (Vaucher et al.,
2023a). The erosive-based, massive to laminated
sandstone beds represent deposition under high-
energy, unidirectional flows with high sediment
loads (Bann & Fielding, 2004; Dashtgard et al.,
2020). Decreasing energy conditions led to depo-
sition of current-ripple laminated sandstone and
mudstone drapes through suspension settling.
Laminated and inversely graded mudstone beds
reflect rapid deposition, possibly from hyperpyc-
nal plumes (Bentley, 2003; Bhattacharya &
MacEachern, 2009; Castelltort et al., 2011; Bhat-
tacharya et al., 2020). The presence of rip-up
clasts, disarticulated bivalve shell fragments and
coal fragments is consistent with high-energy
conditions. The paucity of bioturbation and

presence of diminutive trace fossils indicate
stressed conditions, which may indicate inter-
mittent high-energy conditions, rapid sedimenta-
tion rates and/or chemical stresses (e.g. salinity
fluctuations associated with fluvial input;
MacEachern & Bann, 2020, 2023). Facies 3 repre-
sents deposition in shallower water relative to
the highly bioturbated sandy mudstone and
muddy sandstone of Facies 2. Water depth esti-
mates for Facies 3 range from 10 to 20 m (Nagel
et al., 2013; Dashtgard et al., 2021).

Massive (structureless) to stratified sandstone
(facies 4)

Description. Two expressions of Facies 4 are
found in the Yutengping Sandstone (Fig. 6;
Table 1). The first is massive (structureless) or
low-angle planar cross-stratified to trough cross-
stratified sandstone or silty sandstone (F4a).
Foresets show multiple dip directions but domi-
nantly towards the north or south. The bases of
the trough cross-bedded sandstone are sharp
and commonly truncate underlying strata. Wave
ripples are also common towards the tops of
beds and are locally aggradational. The second
expression of the Facies 4 deposit (F4b) com-
prises sharp-based, amalgamated, planar parallel
to hummocky cross-stratified sandstone beds
that typically grade upwards into current-
rippled (locally aggradational) sandstone. In
both F4a and F4b, sandstone beds are commonly
capped by carbonaceous, apparently structure-
less to laminated, sharp-based mudstone. Plant
debris, mudstone rip-up clasts, coal clasts and
shell fragments are commonly found throughout
the sandstone beds and are commonly concen-
trated towards their bases. In F4a, sandstone
beds rich in disarticulated bivalve shell frag-
ments and shell hash are common. Mudstone
beds are locally entirely made of carbonaceous
material. Bioturbation intensities range from BI
0 to 2 and primarily record top-down coloniza-
tion of the bed. Trace fossils are dominated by
Ophiomorpha, Rosselia and Thalassinoides with
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Allogenic forcings on shallow-marine environments 15

Fig. 3. Core (A) and facies (B) logs of the cored interval through the Kueichulin Formation at TCDP-A with sedi-
mentary data (C) in the depth domain. White intervals in the facies log denote inaccessible, covered or collapsed
outcrop sections. Acronyms: [lithology] mudstone (mst); silty to sandy mudstone (sl-s mst); muddy to silty sand-
stone (m-sl sst); sandstone (sst) | [grain size] mud (m); silt (sl); very fine grained (vf); fine grained (f), medium
grained (m); coarse grained (c); very coarse grained (vc) | [ichnology] bioturbation index (BI). Text on the outcrop

log denotes positions of facies photos in Figs 4 to 6.

subordinate = Cylindrichnus, fugichnia, and
Macaronichnus isp. Chondrites and Planolites
occur locally and are largely confined to the
mudstone beds.

Interpretation. The sharp-based, massive
cross-bedded sandstone of Facies 4a is inter-
preted as intervals of amalgamated dunes that
formed under rapid deposition and unidirec-
tional flow (Nagel et al., 2013; Vaucher & Dasht-
gard, 2022). Aggradational wave ripples form
during deceleration of bottom currents, high
sedimentation and a transition to oscillatory
flow (Myrow & Southard, 1996; Myrow
et al.,, 2002; Nagel et al., 2013). Sharp-based,
massive to laminated mudstone beds are inter-
preted as fluid mud deposited from the hypo-
pycnal plumes discharged from fluvial sources
(Bentley, 2003; MacEachern et al., 2005; Bhatta-
charya et al., 2020; MacEachern & Bann, 2020).
Mudstone rip-up clasts and coal clasts in the
sandstone beds are consistent with high-energy
flow conditions and sediment input from nearby
rivers during storm or post-storm flooding (Col-
lins et al., 2017; Lin & Bhattacharya, 2021; Vau-
cher et al., 2023a). The paucity of bioturbation
and low-diversity marine trace fossil suites
indicate that animals were subjected to physico-
chemical stresses such as intermittent high-
energy conditions, rapid sedimentation rates
and/or salinity fluctuations associated with flu-
vial influence (e.g. Bann et al., 2004; MacEa-
chern et al., 2005, 2007). The defining features
of Facies 4a indicate a shallow-marine environ-
ment with a proximal terrestrial sediment source
under high-energy conditions with elevated sed-
iment loads. Facies 4a shares similar features as
tropical cyclone deposits described in the WFB
by Dashtgard et al. (2020).

Facies 4 is interpreted as event beds that record
deposition in the delta front during tropical
cyclones. Specifically, deposition occurred under
high-energy unidirectional-flow, oscillatory-flow
and/or combined-flow conditions coupled with
an elevated sediment supply in positions well

above fairweather wave base. Facies 4a repre-
sents rapid sedimentation from flows with high
suspended-sediment concentrations developed
during tropical cyclones. F4b records deposition
under lower sediment concentrations and is sub-
jected to a range of processes that were active
during and after tropical cyclones (e.g.
Hayes, 1967; Dashtgard et al., 2020). Aggrada-
tional wave and combined-flow ripples indicate
high and continuous sediment supply. Aggrading
wave ripples may preferentially form near the
outer rainband of a tropical cyclone, where wind
velocities  are  relatively low  (Vaucher
et al, 2023a). Specifically, under low wind
velocities and above fair-weather wave base, uni-
directional currents at the seafloor are typically
lower, which allows for oscillatory wave motion
to dominate. Near the eyewall of tropical
cyclones, wind velocities are high, and therefore,
unidirectional currents dominate (Mitchell
et al., 2005; Teague et al.,, 2007; Dashtgard
et al., 2020). The amalgamated laminated sand-
stone beds were likely deposited by successive
storm events that scoured into underlying storm
beds. The sharp-based, massive to laminated
mudstone beds that cap underlying sandstone
beds reflect both deposition from hyperpycnal
flows and post-storm hypopycnal plumes, both
of which are sourced from rivers on Taiwan
(Dashtgard et al., 2020). The low bioturbation
intensities, presence of escape structures and
presence of rip-up clasts and organic debris are
consistent with high depositional energy and
rapid sedimentation (Dashtgard et al., 2020).

Soft-sediment deformed beds (facies 5)
Description. Facies 5 represents soft-sediment
deformation (SSD) in delta-front deposits (Fig. 6;
Table 1). Soft-sediment deformation structures
observed in the Kueichulin Formation include
convolute bedding and ball-and-pillow struc-
tures. Primary sedimentary structures and evi-
dence of bioturbation are rarely preserved in the
SSD beds.
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Allogenic forcings on shallow-marine environments 17

Fig. 4. Facies 1 and 2. (A-D) Pervasively bioturbated mudstone of F1 with mud-filled Thalassinoides. (E-H) Bio-
turbated muddy sandstone to sandy mudstone of Facies 2a showing intense bioturbation. Ditrupa tubes (D in
photo G) are abundant in F2a of the Kuantaoshan Sandstone. Shell fragments (S) are found in F1 and F2. (I-K)
Bioturbated muddy sandstone to sandy mudstone with mudstone interbeds (F2b). Trace fossils acronyms include:
Asterosoma (As),? Cylindrichnus (Cy?), Ophiomorpha (Op), Phycosiphon (Ph), Planolites (Pl), Rosselia (Ro),
Schaubcylindrichnus (Sch), Scolicia (Sc), Teichichnus (Te) and Thalassionides (Th). Acronym for planar parallel
lamination is PPL. Locations of the photos are shown along the outcrop/core sections.

Interpretation. The SSD structures
documented in the Kueichulin Formation indi-
cate post-depositional liquefaction of unconsoli-
dated sediment related to rapid sediment
loading or disturbance of water-saturated sedi-
ment. Driving mechanisms of SSD include rapid
deposition, groundwater movement, strong cur-
rents, storm activity, rapid changes in tempera-
ture and sediment-gravity mass movements
(Mills, 1983; Owen et al., 2011; Shanmu-
gam, 2017 and references therein).

Time-series analysis

The Kuantaoshan Sandstone (~6300 to 5400 Ka)
was deposited during a period of low obliquity
and high precession amplitudes and relatively
stable global mean sea-level, and comprises
dominantly Facies 2 and 4 (Fig. 7). Lithology,
grain size and BI through the Kuantaoshan
Sandstone show minimal variability. The Shih-
liufen Shale (~5400 to 4920 Ka) along the Da’an
River comprises mostly Facies 1 and 2 (mud-
stone with high BI values), which coincides
with maximum obliquity amplitudes but shows
no apparent relationship with changes in preces-
sion or sea-level amplitudes (Fig. 7B, E, and F).
Through the Yutengping Sandstone at the Da’an
River outcrop (~4920 to 4130 Ka), strata domi-
nated by Facies 2 transition upwards into Facies
3 with decreasing obliquity amplitudes at ~4750
Ka (Fig. 7B and E). Variability in facies and
facies characteristics is high through the
Yutengping Sandstone and decreases after ~4300
Ka, coinciding with minimum obliquity ampli-
tudes. Thick successions of Facies 4 in the
Yutengping Sandstone tend to coincide with
periods of increasing precession amplitudes and
highly variable insolation based on comparison
to the p-0.5 t curve (e.g. ~4800 to 4750 Ka, and
~4265 to 4225 Ka; Fig. 7D, E, and F). Changes in
background facies (i.e. F1 to 3) at the Da’an river
outcrop, however, do not appear to be related to
long-term (i.e. >100-kyr) changes in global mean

sea-level (Fig. 7F). Intervals of Facies 5 are rare
and show no relationship to orbital cyclicity or
insolation.

At TCDP-A, strata of the Yutengping Sand-
stone show that deposition of thoroughly biotur-
bated, fine-grained sediment of Facies 1 and 2 is
more common during periods of low obliquity
amplitudes and corresponds with high global
mean sea-level (e.g. ~4620 to 3950 and ~3360 to
3154 Ka; Fig. 8B, C, E, and F). Deposition of
Facies 3 is more prevalent during high obliquity
amplitude and also corresponds to high sea-
level (e.g. ~3840 to 3410 Ka; Fig. 8B, E, and F).
Similar to the Da’an River outcrop, expressions
of Facies 4 and probable sandstone-dominated
intervals identified on GR data tend to occur
during periods of high insolation and precession
maxima (e.g. ~4920 to 4850, ~4750 to 4640 and
~3320 to 3260 Ka; Fig. 8D and E), and were best
preserved during intervals when sea-level was
low (e.g. ~5000 to 4650 and 3320 to 3250 Ka). In
addition, variability in facies, lithology, GR and
BI values is highest with increasing obliquity
and sea-level amplitudes (e.g. ~5000 to 4370 and
3950 to 3410 Ka). As at the Da’an River location,
the influence of long-term (>100-kyr) sea-level
change is not reflected clearly in shifts in the
background facies. Intervals of Facies 5 are rare
and appear to be independent of orbital cyclicity
and insolation.

The filtered, astronomically tuned datasets for
the Kueichulin Formation are used to assess the
amplitude (strength) of orbital components pre-
served in the sedimentary record (Figs S3 and
S4). In the Da’an River outcrop, precession
and obliquity amplitudes are low between ~5350
and 5000 Ka in all datasets (Fig. S3). At TCDP-
A, the facies record shows that precession and
eccentricity amplitudes are lowest from ~4600 to
4000 Ka with the deposition of shallow-marine
deltaic facies with limited tide influence,
while obliquity amplitudes appear to be strong
throughout the rest of the succession except
at a minimum near ~4200 Ka (Fig. S4). The
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Fig. 5. Facies 3. (A) Lenticular-bedded to wavy-bedded mudstone and (silty) sandstone of F3a. (B) F3a transition-
ing upwards into F3b. (C-E) Examples of wavy-bedded to flaser-bedded heterolithic bedsets of F3b. (F-H) Photo-
graphs of F3a and F3b expressed in core. Trace fossils include Asterosoma (As), Chondrites (Ch), Cylindrichnus
(Cy), Ophiomorpha (Op), Phycosiphon (Ph), Planolites (Pl), Scolicia (Sc), Skolithos (Sk) and Thalassionides (Th).
Locations of the photos are shown along the outcrop/core sections.
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Fig. 6. Facies 4 and 5. (A-C) Trough cross-stratified and (D) planar parallel laminated sandstone deposited during
and immediately following tropical cyclones. Abundant mudstone and coal rip-up clasts as well as shell hash are
present throughout. (E) Thick successions of massive (structureless) sandstone are delineated by large rip-up
clasts. (F) Hummocky cross-stratified sandstone. (G) Aggradational current ripples. (H-J) Soft-sediment deforma-
tion structures shown in outcrop and core examples. Trace fossils shown in photos are Ophiomorpha (Op). Acro-
nyms for sedimentary structures and accessories used include aggradational current ripple (ACR), coal clast (CC),
hummocky cross-stratification (HCS), mud (rip-up) clast (MC), planar parallel lamination (PPL), trough cross-
stratification (TCS). Locations of the photos are shown along the outcrop/core sections.

GR, lithology and BI record high orbital ampli-
tudes except between ~4300 and 4000 Ka
(Fig. S4B-D).

DISCUSSION: LATE-MIOCENE TO
PLIOCENE EVOLUTION OF THE TAIWAN
WESTERN FORELAND BASIN
DEPOSITIONAL ENVIRONMENT

Orogenesis and basin subsidence

The Kueichulin Formation (i.e. palaeo-Taiwan
Strait) records sedimentation under depositional
settings that vary from a wave-dominated open

shelf to tide-dominated shallow-marine deltas
with strong storm influence and increasing ter-
restrial sediment input. The shifting of deposi-
tional settings was strongly controlled by both
the rate of basin subsidence and the uplift and
erosion of Taiwan since its formation. At the
onset of collision between the Eurasian Plate
and the Philippine Sea Plate (~6270 Ka; Lin &
Watts, 2002; Lin et al., 2003; Nagel et al., 2013;
Hsieh et al., 2023a), deposition of the Kuan-
taoshan Sandstone occurred in mainly an open
marine, upper offshore (F2a) environment
repeatedly impacted by tropical cyclones (F4).
The development of offshore (F1) to distal delta
front (F2b) environments with limited fluvial
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influence, as recorded in the Shihliufen Shale,
reflects the non-linear deepening of the WFB
(Lin et al., 2003). Relative sedimentation from
the newly emergent Taiwan into the basin
fluctuated in response to the rate of basin accel-
eration and accommodation space. The deepen-
ing of the basin also resulted in deposition
below fairweather wave base and near to, but
generally above, storm wave base.

Taiwan began to rapidly emerge from the
Pacific Ocean and erode starting ~4920 Ka
(Hsieh et al., 2023a). Emergence of Taiwan
resulted in an increase in accommodation space,

as the WFB deepened, and progradation into
and filling of the basin is recorded in the
Yutengping Sandstone (Lin et al, 2003). The
emergence of Taiwan also caused the shallowing
and narrowing of the palaeo-Taiwan Strait. Tidal
influence was limited during the deposition of
the lower part of the Yutengping Sandstone,
while storm influence was high. This interpreta-
tion is supported by the dominance of distal
delta front facies (F2b), abundant tropical
cyclone beds (F4), and a paucity of sedimentary
structures that indicate tidal influence. Tidal
flow strengthened in the palaeo-Taiwan Strait
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with the continued shallowing and narrowing of
the strait as Taiwan continued to uplift. This is
recorded in the upper part of the Yutengping
Sandstone through an increase in tidally domi-
nated delta-front deposits (F3).

At the Da’an River outcrop, the abrupt shift
from strata dominated by Facies 1 and 2 of the
Shihliufen Shale to Facies 3-dominated strata in
the Yutengping Sandstone is interpreted as the
transition from deposition near to but above
storm base (100 m water depth) to deposition in
water depths possibly above fairweather wave
base (15 m water depth; Nagel et al., 2013).
Firstly, the trend of decreasing water depth
upwards (with decreasing age) reflects an overall
relative  shallowing of the depositional

environment as a function of depositional
regression and progradation of facies, but long-
term sea-level remained relatively stable over
this time period. The long-term (>100 kyr)
increase in sea-level after ~4600 Ka is also not
reflected in the sedimentary record (Fig. 7),
probably because the rate of sediment delivery
began to outpace the creation of accommodation
space. This can result in reduced expression of
sea-level change as excess sediment supply
dampens the stratigraphic response to sea-level
changes, leading to subdued or entirely absent
markers of transgression or regression. Likewise,
at the TCDP-A location, the shift from strata
dominated by Facies 2 to those of Facies 3,
interpreted as a shift from wave-dominated to
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Fig. 9. Summary of different allogenic controls on sedimentation in the Western Foreland Basin over time. The
red circle and the blue triangle indicate the present-day locations of the Da’an River outcrop and the TCDP-A
core, respectively. The size of the green arrows indicates relative proportions of sediment flux into the Western
Foreland Basin eroded by tropical cyclones from the Taiwan Orogen. The abbreviation RT denotes the Ryukyu
Trench. Spatial distribution of sedimentary environments modified from Nagel et al. (2013), and the timing of tec-
tonic events related to the orogenesis of Taiwan are from Lin et al. (2003) and Hsieh et al. (2023b).

tide-dominated shallow-marine deltaic environ-
ments, occurred under similar long-term global
mean sea-levels.

The discrepancies in facies expressions and
thicknesses between the Da’an River outcrop and
the TCDP-A core are interpreted to reflect their
positions relative to Taiwan and the Taiwan
Strait (Fig. 9). The Da’an River outcrop is located
farther inland of the modern Taiwan Orogen than
TCDP-A (Fig. 1). By extension, it is probable that
during the deposition of the Kueichulin Forma-
tion in the late Miocene-Pliocene, the Da’an
River location was more proximal to Taiwan and
the TCDP-A location was situated farther sea-
ward in the palaeo-Taiwan Strait. Therefore, the
sedimentary environment at the Da’an River
responded earlier to tectonic changes related to

the uplift of Taiwan than did the locality at
TCDP-A. At the Da’an River location, sedimenta-
tion occurred closer to the Taiwan Orogen where
tidal currents were stronger and terrestrial
organic matter flux was higher (probably similar
to today). This resulted in the transition from a
wave-influenced to a tidally influenced deposi-
tional environment with increasing fluvial influ-
ence occurring much earlier (~4750 Ka) than at
TCDP-A (~4620 Ka; Fig. 8).

Influence of eccentricity-modulated
precession on hydroclimate

Sedimentation into the WFB is also strongly tied
to low-latitude hydroclimate (Dashtgard et al.,
2021; Vaucher et al., 2023a; Hsieh et al., 2023b).
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Firstly, conditions for tropical-cyclone genesis
in the north-western Pacific were favourable in
the Pliocene (Yan et al., 2019), as weaker Walker
Circulation drove El-Nino-like conditions
(Kaboth-Bahr & Mudelsee, 2022), and sea surface
temperatures were higher than the present day,
with an average of 28.5°C (Li et al., 2011). Sec-
ondly, marine and continental records suggest
that the East Asian Summer Monsoon intensi-
fied during the late Miocene to Pliocene (e.g.
Filippelli, 1997; Wan et al., 2006, 2010; Zhang
et al., 2009; Ao et al, 2011, 2016; Gai
et al., 2020), and this has been attributed to the
growth of the Antarctic ice sheet (Ao
et al., 2016), phased uplift events in the Tibetan
Plateau (Prell & Kutzbach, 1992; An et al., 2001;
Sun et al.,, 2010), the closure of the Central
America Seaway (Gai et al., 2020), the formation
of the Western Pacific Warm Pool (Chaisson &
Ravelo, 2000; Li et al., 2004; Jian et al., 2006)
and the northward migration of the Intertropical
Convergence Zone (Liu et al, 2019). With
enhanced conditions for tropical-cyclone and
monsoon precipitation, rainfall extremes will
likely trigger enhanced fluvial run-off and sedi-
ment discharge (Lee et al, 2015). As global
tropical-cyclone activity is the most enhanced in
the western north Pacific ocean, and most
cyclones form within or near the monsoon
trough (Chen et al., 2010), rainfall extremes may
be amplified if a tropical cyclone interacts with
summer monsoon precipitation (Wu et al., 2011;
Vaucher et al., 2021). Tropical cyclone activity
is preserved as thick successions of massive
(structureless) to stratified sandstone beds with
high proportions of terrestrial organic matter
(i.e. F4). Tropical cyclone beds are preserved
throughout the Kuantaoshan Sandstone and the
Yutengping Sandstone, reflecting deposition
above fair-weather wave base and above storm
wave base. In contrast, in the Shihliufen Shale,
storm-generated sedimentary structures are
uncommon due to deeper water depths related
to basin subsidence and may represent distal
expressions of tropical cyclone deposits.

The presence of tropical cyclone beds typi-
cally corresponds to periods of maximum pre-
cession amplitudes and eccentricity (e.g. ~4265
to 4225 Ka at Da’an River and ~4750 to 4640 Ka
at TCDP-A; Figs 7 and 8), except during periods
of low global mean sea-level. Extreme sea-level
minima led to an increased export of coarse-
grained fractions and shoreline progradation,
resulting in enhanced preservation of amalgam-
ated tropical cyclone beds even during periods

of moderate precession amplitudes. This is
clearest at TCDP-A, where tropical cyclone beds
are less commonly expressed due to its more
distal position from the Taiwan Orogen, except
during periods of global mean sea-level minima
(e.g. ~5000 to 4650 and 3320 to 3250 Ka; Fig. 8).
Precession amplitudes in the filtered datasets
are lower in the Kuantaoshan Sandstone than in
the Yutengping Sandstone (Fig. S3). This is
because prior to the onset of Taiwan orogenesis
(~5400 Ka), sediment in the WFB was suscepti-
ble to reworking by waves from the Pacific
Ocean, resulting in increased amalgamation of
tropical cyclone beds and obscuring precession
signals preserved in the strata (Fig. 7). The onset
of rapid erosion of the Taiwan Orogen by tropi-
cal cyclones began as soon as it emerged from
the Pacific Ocean (~4920 Ka), increasing sedi-
ment influx into the WFB. The emergence of
Taiwan also created a semi-sheltered strait
which shielded the basin from erosive waves of
the Pacific Ocean (Hsieh et al., 2023a). Conse-
quently, evidence of precession-driven tropical
cyclones is more clearly expressed through the
Yutengping Sandstone, where variability is sub-
stantially higher (Fig. 7), and precession ampli-
tudes are most clearly expressed (Fig. S3).
Precession amplitudes recorded in the Yutengp-
ing Sandstone along the Da’an River outcrop are
distinctively clearer than those expressed in the
TCDP-A cored succession (Figs S3 and S4), which
supports the interpretation that sedimentation at
both locations was influenced by storm events, but
that the effect of tropical cyclone-related sediment
flux was stronger at the Da’an River location due to
its proximity to the orogen. Near the orogen, sedi-
ment deposition would have been more domi-
nantly controlled by variations in sediment supply
from Taiwan and sediment dispersal by
precession-driven  hydroclimate as similarly
described higher in the stratigraphy in the Pliocene
Chinshui Shale and the Pleistocene Cholan Forma-
tion (Vaucher et al., 2021, 2023b). Cyclic compo-
nents preserved in the Kueichulin Formation
mainly fall within the Milankovitch Bands (Hsieh
et al., 2023a). Additionally, the record is also natu-
rally influenced by other factors, especially higher
frequency climate system fluctuations on time
scales shorter than 20 kyr cycles. For the high-
resolution gamma-ray data at TCDP-A, there is evi-
dence of local cyclicity on shorter time scales (i.e.
<20 kyr). Also, there are cyclicities that are longer
than Milankovitch cycles, and quasi-cyclic compo-
nents between the ~400 and ~100 kyr bands, and
these are possibly related to a combination of local
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tectonics and sedimentary variability between
these period bands.

Obliquity-induced variability in atmospheric
and ocean circulation

In addition to active orogenesis and tropical
cyclones, the strata of the WFB also record vari-
ability driven by obliquity amplitude. At mid to
low latitudes, insolation is largely controlled by
precession with limited influence from obliquity
(Prell & Kutzbach, 1987; Clement et al., 2004;
Berger et al., 2006; Tachikawa et al., 2011; Gai
et al., 2020). However, palaeoclimate records
from mid-latitude to low-latitude regions often
reveal an obliquity signal (e.g. Lourens et al.,
1996; Bosmans et al., 2015; Liu et al., 2015;
Zhang et al., 2022; Hsieh et al., 2023a), which
has been attributed to high-latitude mechanisms
even during the warmer Miocene and Pliocene
when changes in ice volumes should be less
pronounced (Demenocal & Rind, 1993; Tiede-
mann et al., 1994).

In mid-latitude to low-latitude regions,
obliquity-driven changes in depositional environ-
ments may be related to increased seasonal vari-
ability in insolation during periods of high
obliquity amplitude. Intensified seasonal variabil-
ity in insolation can drive extreme shifts in
atmospheric and ocean circulation (Fedorov
et al.,, 2010; Coumou & Rahmstorf, 2012; Yan
et al, 2016; Kossin et al.,, 2020), leading to
increased fluctuations in sediment supply and dis-
persal (e.g. Dadson et al., 2003; Hilton et al., 2010;
Kao et al., 2014; Lin et al., 2020), and by exten-
sion, shifts in depositional environments. Sedi-
mentation in the South China Sea in the present
day is sensitive to changes in atmospheric circula-
tion, terrigenous input (e.g. Liu et al., 2015) and
ocean circulation in the Pacific Ocean (e.g.
Qu, 2000; Qu et al., 2006; Tian et al., 2006).

At the Da’an River location, transitions from
offshore to delta front environments as well as
increasing tidal influence are related to Taiwan
orogenesis. The transition from Facies 1 through
3 records progradation of the system and filling
of the basin, so that relative water depths become
progressively shallower. The proximity of the
Da’an River location to the Taiwan Orogen also
resulted in the sedimentary facies of the
Yutengping Sandstone recording clear tidal influ-
ence near the onset of Taiwan’s emergence from
the Pacific Ocean, regardless of changes in oblig-
uity or precession. In contrast, at the more distal
TCDP-A location, the transition between a wave-

dominated open shelf to a tide-dominated
shallow-marine delta is more closely related to
changes in obliquity amplitudes. In the modern-
day Taiwan Strait, tidal currents fluctuate with
monsoon wind intensities as well as surface cur-
rents operating in the strait (Chuang, 1985, 1986;
Wang et al., 2003, 2021; Lin et al., 2005). During
periods of high obliquity amplitudes, enhanced
variability in atmospheric and ocean circulation
may have served to amplify tidal currents in the
palaeo-Taiwan Strait, resulting in the formation
of tide-dominated environments farther into the
strait. While the influence of obliquity on low-
latitude circulation is evident in the sedimentary
record of the Kueichulin Formation, the effects of
obliquity-driven sea-level change are only
expressed as amalgamated tropical cyclone beds
during global mean sea-level minima. However,
while the global sea-level reconstruction shows
periods of high-amplitude sea-level change (e.g.
~40 m) through the studied time interval, these
large-scale fluctuations typically occur over rela-
tively short intervals of time (i.e. <20 kyr). Any
influence on the facies by such short-lived sea-
level fluctuations may not be always and/or sys-
tematically preserved due to an underestimation
in water depths. Water depths estimated previ-
ously for the deposition of the Yutengping Sand-
stone are less than ~35 m (Nagel et al., 2013;
Dashtgard et al., 2020, 2021), but true water
depth may have been deeper. This is because
global mean sea-level estimates show obliquity-
scale fluctuations of up to ~40 m, which should
result in quasi-periodic subaerial exposure of
shallow marine depositional environments. How-
ever, no evidence of subaerial exposure is identi-
fied in the Yutengping Sandstone; therefore, it is
possible that water depths were significantly dee-
per (i.e. >70 m). The facies characteristics of the
WEFB strata must then be attributed to more ener-
getic currents in deeper water, which would be
expected in the palaeo-Taiwan Strait. Tidal and
ocean currents through the palaeo-Taiwan Strait
would have been amplified by increased tropical
cyclones (Zhang et al., 2020), especially as the
strait narrowed and shallowed with continued
uplift of Taiwan (Yin et al., 2021, 2023; Hsieh
et al., 2024).

CONCLUSIONS

Changes in depositional environments can be
controlled by multiple autogenic and allogenic
drivers, and resolving the relative influence of
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each is challenging. In this study of the Kuei-
chulin Formation of the Taiwan Western Fore-
land Basin (i.e. palaeo-Taiwan Strait), we focus
on identifying and resolving the competing
influence of climate, tectonics and sea-level fluc-
tuations on the sedimentary system at time
scales exceeding 20 kyrs. Strata of the Kueichu-
lin Formation preserve evidence of shifting
depositional settings from wave-dominated open
shelf to tide-dominated shallow-marine delta
with strong storm influence and increasing ter-
restrial sediment input. Changes in the sedimen-
tary environments during the late Miocene and
Pliocene were strongly controlled by allogenic
drivers, including the orogenesis of Taiwan and
the formation of the foreland basin. As well,
sediment supply is tied to precipitation through
tropical cyclones, which are affected by
eccentricity-modulated precession. Obliquity-
driven changes in atmospheric and ocean circu-
lation and their subsequent effect on sediment
dispersal are also evident in the stratal record.

Sedimentation to the palaeo-Taiwan Strait
was strongly linked to the uplift and emergence
of Taiwan. Prior to the emergence of Taiwan
from the Pacific Ocean, the sedimentary archive
records largely wave-dominated open shelf envi-
ronments affected by tropical cyclone events.
The rapid deepening of the Western Foreland
Basin (~5400 Ka) and relatively low sedimenta-
tion rates contributed to the formation of lower
offshore to distal delta front environments with
limited storm influence. As Taiwan emerged
from the Pacific Ocean and began to rapidly
erode since ~4920 Ka, increased sedimentation
into the Western Foreland Basin and
shallowing/narrowing of the palaeo-Taiwan
Strait resulted in the strengthening of tidal flow
and increased terrestrial input, which is
recorded in the strata of the Yutengping
Sandstone.

Additionally, time-series analysis suggests that
evidence of astronomical forcing on sedimenta-
tion is preserved in strata of the Kueichulin For-
mation. Deposition in the Western Foreland
Basin was strongly tied to tropical cyclone pre-
cipitation driven by eccentricity-modulated
precession. Intense tropical cyclone activity is
preserved as the formation of thick successions
of massive (structureless) to stratified sandstone
beds that are found throughout the Kueichulin
Formation. The abundance of sandstone beds
increases as the Taiwan Orogen emerged from
the Pacific, suggesting that the orogen became
susceptible to rapid erosion by tropical cyclones

at the onset of its emergence. While the deposi-
tional environments of the Western Foreland
Basin do not appear to be sensitive to long-term
(>100-kyr) changes in global mean sea-level,
tropical cyclone beds in the Kueichulin Forma-
tion are best preserved at extreme lows in global
mean sea-level. Sea-level minima led to an
increased export of coarse-grained fractions and
shoreline progradation and led to the formation
of amalgamated tropical cyclone beds even dur-
ing periods of moderate precession amplitudes.
This suggests that obliquity-driven glacial cycles
at high latitudes and corresponding sea-level
change have limited influence on low-latitude
sedimentary environments; however, true water
depths may have been previously underesti-
mated, resulting in the lack of apparent influ-
ence of obliquity-driven sea-level fluctuations
on the Western Foreland Basin.

The strata of the Western Foreland Basin also
record the influence of obliquity on low-latitude
atmospheric and ocean circulation. Fluctuating
seasonal insolation related to high obliquity
amplitudes manifests in mid-latitude to low-
latitude environments as unstable atmospheric
and ocean circulation, which may have served
to amplify tidal currents in the palaeo-Taiwan
Strait, resulting in the formation of tide-
dominated environments farther into the strait.

This study demonstrates that shallow-marine
sedimentary records can provide an important
archive for identifying and resolving competing
external controls on sedimentary systems. The
ability to disentangle the relative influence of
different allogenic forcings on shifting deposi-
tional environments serves to enhance our
understanding of how the Earth’s surface
responded to past climate changes, tectonic
activity and sea-level fluctuations.
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Fig. S1. Outcrop and facies logs of the Kueichulin Fm
outcrop along the Da’an River in the depth domain
(A) compared to facies (B) and sedimentary data (C)
tied to magnetobiostratigraphic age boundaries from
Hsieh et al. (2023). The p-0.5 t curve (D) is the mix-
standardized precession minus 0.5 times standardized
obliquity, which represents ~65° N insolation (Laskar
et al., 2004). Astronomical solutions for the Earth’s
obliquity, eccentricity and precession for the studied

time interval are from Laskar et al. (2004) (E) and are
used for comparison with the sedimentary record.
Global mean sea-level is from Miller et al. (2020) (F).
Dash-dot lines indicate boundaries between major
shifts in depositional settings interpreted from facies.
White intervals in the facies log denote inaccessible,
covered or collapsed outcrop sections. Acronyms:
[grain size] mud (m); very fine grained (vf); fine
grained (f), medium grained (m) | [ichnology] biotur-
bation index (BI) | [lithology] mudstone (mst); silty to
sandy mudstone (sl-s mst); muddy to silty sandstone
(m-sl sst); sandstone (sst).

Fig. S2. Core and facies logs of the cored interval
through the Kueichulin Fm at TCDP-A in the depth
domain (A) compared to facies (B), and sedimentary
data and gamma-ray profile (C) tied to magnetobiostra-
tigraphic age boundaries from Hsieh et al. (2023b).
The p-0.5 t curve (D) is the mix-standardized preces-
sion minus 0.5 times of standardized obliquity, which
represents ~65° N insolation (Laskar et al., 2004).
Astronomical solutions for the Earth’s obliquity,
eccentricity and precession for the studied time inter-
val are from Laskar et al. (2004) (E) and are used for
comparison with the sedimentary record. Global mean
sea-level is from Miller et al. (2020) (F). Dash-dot
lines indicate boundaries between major shifts in
depositional settings interpreted from facies. White
intervals in the facies log denote missing core. Acro-
nyms: [grain size] mud (m); very fine grained (vf); fine
grained (f), medium grained (m) | [ichnology] biotur-
bation index (BI) | [lithology] mudstone (mst); silty to
sandy mudstone (sl-s mst); muddy to silty sandstone
(m-sl sst); sandstone (sst).

Fig. S3A. Tuned facies data for the Da’an River out-
crop filtered using the Taner bandpass filter for short
eccentricity (100 Kyr periodicity), precession (20 Kyr
periodicity) and obliquity (41 Kyr periodicity). The
pink dashed lines represent the amplitude (i.e.
strength) of orbital signals preserved in the record
after applying the bandpass filter. The orange line rep-
resents the upper envelope of the filtered signal,
which highlights peaks that correspond to strong
orbital signals preserved in the record. Astronomical
solution of the Earth’s eccentricity, precession and
obliquity indices for the studied time interval is from
Laskar et al. (2004).

Fig. S3B. Tuned lithology data for the Da’an River
outcrop filtered using the Taner bandpass filter for
short eccentricity (100 Kyr periodicity), precession
(20 Kyr periodicity) and obliquity (41 Kyr periodic-
ity). The pink dashed lines represent the amplitude
(i.e. strength) of orbital signals preserved in the record
after applying the bandpass filter. The orange line rep-
resents the upper envelope of the filtered signal,
which highlights peaks that correspond to strong
orbital signals preserved in the record. Astronomical
solution of the Earth’s eccentricity, precession and
obliquity indices for the studied time interval is from
Laskar et al. (2004).
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Fig. S3C. Tuned grain-size data for the Da’an River
outcrop filtered using the Taner bandpass filter for
short eccentricity (100 Kyr periodicity), precession
(20 Kyr periodicity) and obliquity (41 Kyr periodic-
ity). The pink dashed lines represent the amplitude
(i.e. strength) of orbital signals preserved in the record
after applying the bandpass filter. The orange line rep-
resents the upper envelope of the filtered signal,
which highlights peaks that correspond to strong
orbital signals preserved in the record. Astronomical
solution of the Earth’s eccentricity, precession and
obliquity indices for the studied time interval are
from Laskar et al. (2004).

Fig. S3D. Tuned bioturbation index data for the Da’an
River outcrop filtered using the Taner bandpass filter
for short eccentricity (100 Kyr periodicity), precession
(20 Kyr periodicity) and obliquity (41 Kyr periodic-
ity). The pink dashed lines represent the amplitude
(i.e. strength) of orbital signals preserved in the record
after applying the bandpass filter. The orange line rep-
resents the upper envelope of the filtered signal,
which highlights peaks that correspond to strong
orbital signals preserved in the record. Astronomical
solution of the Earth’s eccentricity, precession and
obliquity indices for the studied time interval are
from Laskar et al. (2004).

Fig. S4A. Tuned facies data for TCDP-A filtered using
the Taner bandpass filter for short eccentricity (100
Kyr periodicity), precession (20 Kyr periodicity) and
obliquity (41 Kyr periodicity). The pink dashed lines
represent the amplitude (i.e. strength) of orbital sig-
nals preserved in the record after applying the band-
pass filter. The orange line represents the upper
envelope of the filtered signal, which highlights peaks
that correspond to strong orbital signals preserved in
the record. Astronomical solution of the Earth’s
eccentricity, precession and obliquity indices for the
studied time interval are from Laskar et al. (2004).

Fig. S4B. Tuned lithology data for TCDP-A filtered
using the Taner bandpass filter for short eccentricity
(100 Kyr periodicity), precession (20 Kyr periodicity)
and obliquity (41 Kyr periodicity). The pink dashed
lines represent the amplitude (i.e. strength) of orbital
signals preserved in the record after applying the
bandpass filter. The orange line represents the upper
envelope of the filtered signal, which highlights peaks
that correspond to strong orbital signals preserved in
the record. Astronomical solution of the Earth’s
eccentricity, precession and obliquity indices for the
studied time interval are from Laskar et al. (2004).

Fig. S4C. Tuned gamma-ray data for TCDP-A filtered
using the Taner bandpass filter for short eccentricity
(100 Kyr periodicity), precession (20 Kyr periodicity)
and obliquity (41 Kyr periodicity). The pink dashed
lines represent the amplitude (i.e. strength) of orbital
signals preserved in the record after applying the
bandpass filter. The orange line represents the upper
envelope of the filtered signal, which highlights peaks
that correspond to strong orbital signals preserved in
the record. Astronomical solution of the Earth’s
eccentricity, precession and obliquity indices for the
studied time interval is from Laskar et al. (2004).

Fig. S4D. Tuned bioturbation index data for TCDP-A
filtered using the Taner bandpass filter for short
eccentricity (100 Kyr periodicity), precession (20 Kyr
periodicity) and obliquity (41 Kyr periodicity). The
pink dashed lines represent the amplitude (i.e.
strength) of orbital signals preserved in the record
after applying the bandpass filter. The orange line rep-
resents the upper envelope of the filtered signal,
which highlights peaks that correspond to strong
orbital signals preserved in the record. Astronomical
solution of the Earth’s eccentricity, precession and
obliquity indices for the studied time interval are
from Laskar et al. (2004).
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