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Abstract Climate oscillations preserved in sedimentary archives tend to decrease in resolution further
back in Earth's history. High-frequency climate cycles (e.g., ~20-Kyr precession cycles) are especially prone to
poor preservation due to sediment reworking. Recent studies have shown, however, that given sufficient basin
accommodation space and sedimentation rate, shallow-marine paleoclimate archives record precession-driven
hydroclimate change in mid-low latitude regions. Our study evaluates how the evolution of a rapidly uplifting
orogen influences the recording of astronomical climate forcing in shallow-marine sedimentary strata in

the Taiwan Western Foreland Basin (WFB). Time-series analysis of gamma-ray records through the late
Miocene—Pliocene Kueichulin Formation shows that during early stages of Taiwan orogenesis (before 5.4 Ma),
preservation of precession-driven East Asian Summer Monsoon variability is low despite increasing monsoon
intensities between 8 and 3 Ma. The Taiwan Strait had not formed, and the southeast margin of Eurasia was
open to the Pacific Ocean. Consequently, depositional environments in the WFB were susceptible to reworking
by large waves, resulting in the obscuration of higher-frequency precession cycles. From 5.4 to 4.92 Ma,
during early stages of emergence of Taiwan, basin subsidence increased while sedimentation rates remained
low, resulting in poor preservation of orbital oscillations. After 4.92 Ma and up to 3.15 Ma, Taiwan became a
major sediment source to the WFB, and sheltered the WFB from erosive waves with the development of Taiwan
Strait. The elevated sediment influx, increased basin accommodation as the WFB developed, and formation of
a semi-sheltered strait, resulted in enhanced preservation of precession-driven East Asian Summer Monsoon
variability.

Plain Language Summary Rhythmic changes in the shape of Earth's orbit (eccentricity, ~100-Kyr
cycles), tilt (obliquity, ~41-Kyr cycles), and axial rotation (precession, ~20-Kyr cycles) drive climate change
that may be preserved in sedimentary records. Orbital climate cycles are recorded in clastic shallow-marine
strata where the amount of sediment transported from land to sea and space available for deposition in the
basin are sufficiently high. Our study of the Kueichulin Formation in the Taiwan Western Foreland Basin
(WFB) shows how a rapidly uplifting orogen influences the preservation of different climate cycles in the
shallow-marine realm. During early Taiwan orogenesis (before 5.4 Ma) when the Taiwan Strait did not exist,
sediment in the WFB were susceptible to reworking by erosive waves generated in the Pacific Ocean, which
obscured higher-frequency precession cycles. From 5.4 to 4.92 Ma, Taiwan began to emerge from the Pacific
Ocean and the WFB began to subside, but sedimentation rates were low, so climate cycles were poorly
preserved. After 4.92 Ma, rapid uplift and erosion of Taiwan and WFB subsidence continued, resulting in
increased sedimentation to the sea, increased sediment accumulation space, and the formation of a strait that
sheltered the WFB from waves, which all served to enhance the preservation of precession.

1. Introduction

The Pliocene Epoch (from 5.33 to 2.58 Ma) is the most recent time in Earth's history prior to the pre-industrial
period during which atmospheric CO, concentrations exceeded 400 ppm (Burke et al., 2018; Haywood et al., 2013;
Keeling & Keeling, 2017; Raymo & Horowitz, 1996; Tierney et al., 2019). Estimates suggest that global tempera-
tures during the mid-Pliocene Warm Period were as much as 3°C higher than the pre-industrial period (Haywood
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et al., 2013; Haywood & Valdes, 2004). Polar ice volumes are hypothesized to have been reduced during the
mid-Pliocene under permanent, El Nifio-like conditions (Dekens et al., 2007; Dolan et al., 2011; Dowsett
et al., 2012; Fedorov et al., 2006, 2010, 2013; Haywood et al., 2013; Hill et al., 2010; Lunt et al., 2008; Naish
et al., 2009; Pollard & DeConto, 2009; Wara et al., 2005), and sea level was 22 + 10 m higher than the present
day (Dowsett & Cronin, 1990; Haywood et al., 2013; Miller et al., 2012). The changes in sea-surface temperatures
and polar ice volumes resulted in East Asian Summer Monsoon (EASM) variations, and probably also consid-
erably more intense and frequent tropical cyclones than the present-day (Coumou & Rahmstorf, 2012; Fedorov
et al., 2010; Gai et al., 2020; Kelman, 2013; Kossin, 2018; Kossin et al., 2020; Yan et al., 2016). Consequently,
the Pliocene Earth system provides a possible analogue for understanding future climate-induced environmental
changes (Burke et al., 2018; Raymo & Horowitz, 1996; Tierney et al., 2019).

Late Miocene to Pliocene climate reconstructions have emphasized the influence of 41-Kyr glacial and inter-
glacial cycles on temperature, ice volume, and the hydrologic cycle on a global scale because obliquity is the
dominant signal preserved in many geologic records from that time (e.g., Clement et al., 2004; Naish et al., 2009;
Patterson et al., 2014). This relationship may not be applicable in mid-low latitude regions, however, because
at these latitudes the hydrological processes that control sediment flux from land to sea are largely independent
of glacial-interglacial cycles and instead are predominantly controlled by summer insolation which respond to
eccentricity-modulated precession (Berger et al., 2006; Clement et al., 2004; Gai et al., 2020; Kutzbach, 1981;
Prell & Kutzbach, 1987; Tachikawa et al., 2011; Wang et al., 2017; Yamamoto et al., 2013). Indeed, EASM records
from the Chinese Loess Plateau show strong precession signals (Ao et al., 2016, 2021; Sun et al., 2010; S. Yang
et al., 2018) while precession signals tend to be obscured by obliquity in time-equivalent deep-sea marine proxies,
especially those from the South China Sea (Ao et al., 2011, 2016, 2021; Gai et al., 2020; Holbourn et al., 2021;
Huybers, 2006; Li & Wang, 2015; Shi et al., 2022; Wang et al., 2017; Zhang et al., 2022). Shallow-marine envi-
ronments are directly affected by processes related to climate change, such as sea-level fluctuations and extreme
weather events, and have been shown to preserve precession cycles where sedimentation rates and accommoda-
tion space creation are sufficiently high (Grant et al., 2019; Vaucher et al., 2021; Vaucher, Zeeden, et al., 2023).

In this study, we (a) assess the influence of a rapidly uplift orogen on the preservation of climate oscillations,
and (b) identify changes in orbital periodicities preserved in sedimentary archives that reflect different stages of
Taiwan orogenesis. This is done by analyzing late Miocene—Pliocene gamma-ray (GR) records from the Kueichu-
lin Formation in the Western Foreland Basin (WFB), Taiwan.

2. Geologic Setting

The Taiwan orogenic belt was formed through the collision of the Luzon Arc on the Philippine Sea Plate and the
Eurasian Plate, and this began in the late Miocene (Castelltort et al., 2011; Covey, 1986; A. T. Lin et al., 2003; A.
T. Lin & Watts, 2002; Nagel et al., 2018; Pan et al., 2015). The collision propagated to the south, and triggered
lithospheric flexure of the Eurasian Plate and formation of the WFB (Castelltort et al., 2011; Y.-W. Chou &
Yu, 2002; Covey, 1986; A. T. Lin & Watts, 2002; Simoes & Avouac, 2006; Teng, 1990; Yu & Chou, 2001). Late
Miocene to Pleistocene sedimentary strata in the WFB comprise thick sequences of shelfal through terrestrial
sediments (A. T. Lin & Watts, 2002; Yu & Chou, 2001).

This study focuses on the late Miocene to early Pliocene Kueichulin Formation (Fm; Figures 1a and 1b), which
was deposited during the early stages of Luzon Arc-Eurasian Plate collision. The Kueichulin Fm is selected for this
study because it comprises (quasi) continuous shallow marine strata that were directly affected by climate-related
sea-level fluctuations and extreme weather events (Covey, 1986; Dashtgard et al., 2020, 2021; Hsieh et al., 2022;
Nagel et al., 2013, 2014). Recent studies by Vaucher et al. (2021) and Vaucher, Zeeden, et al. (2023) showed that
high-resolution climate signals were preserved in lower Pleistocene shallow-marine strata of the WFB due to high
accommodation and high sedimentation rates in the basin. In turn, the sedimentation rate and accommodation
space of the WFB during the deposition of the Kueichulin Fm should have been sufficiently high, in theory,
increasing the likelihood of preserving climate signals.

The Kueichulin Fm is recognized across the north-central WFB and comprises mainly shallow-marine and
deltaic strata deposited between 10 and >35 m water depths (Castelltort et al., 2011; Covey, 1986; Dashtgard
et al., 2020, 2021; A. T. Lin et al., 2003; Nagel et al., 2013; Pan et al., 2015; Yu & Chou, 2001) and is divided
into three members (from bottom to top): Kuantaoshan Sandstone, Shihliufen Shale, and Yutengping Sandstone
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(Figure 1b; Castelltort et al., 2011; A. T. Lin et al., 2007; Pan et al., 2015; Shaw, 1996). A recent study by Hsieh
et al. (2022) using a combination of clay mineralogy, 613Corg and C/N of organic matter, and mass-specific
magnetic susceptibility records from the Kueichulin Fm shows that the Taiwan orogen became a major sediment
source to the WFB shortly after its emergence due to its rapid rate of uplift and erosion.

The Kuantaoshan Sandstone consists of hummocky cross-stratified sandstone with low bioturbation intensities
and scour-and-fill structures. The Shihliufen Shale comprises mudstone deposited in a fully marine, offshore
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environment (Castelltort et al., 2011; Chang, 1971; Dashtgard et al., 2021; Nagel et al., 2013), and the Yutengping
Sandstone comprises sandy mudstone, muddy sandstone, and sandstone with varying intensities of bioturbation
(Castelltort et al., 2011; Dashtgard et al., 2020, 2021; A. T. Lin et al., 2007; Nagel et al., 2013). The Kueichulin
Fm is underlain by the Nanchuang Fm, which comprises tidally influenced shallow marine sediments (Castelltort
etal.,2011;J. T. Chou, 1972; A. T. Lin et al., 2003; Nagel et al., 2013; Pan et al., 2015). Overlying the Kueichulin
Fm is the late Pliocene Chinshui Shale, composed of mudstone deposited in an offshore environment during a
period of maximum flooding in the WFB (Castelltort et al., 2011; Nagel et al., 2013, 2018; Pan et al., 2015). The
early Pleistocene Cholan Fm is composed of heterolithic, shallow-marine strata, and at the top of the succession
is the Toukoshan Fm, which comprises mainly terrestrial conglomerates (Covey, 1986; Nagel et al., 2013; Pan
et al., 2015; Vaucher et al., 2021).

3. Methodology
3.1. Gamma-Ray Data

Gamma-ray data are from two boreholes drilled in the WFB: HYS-1 and TCDP-A (see, Hsieh et al. (2023) for
gamma ray data, and A. T. Lin et al. (2007) for core descriptions and geologic maps; Figures 1a and 1c). Vari-
ations in GR intensity correspond largely to changes in lithology (Green & Fearon, 1940; Schlumberger, 1989)
Generally, in siliciclastic sedimentary strata, GR values below 75 American Petroleum Institute (API) units corre-
spond to intervals dominated by sandstone and in rare cases, conglomerate, and high GR values, above 105 API,
indicate high proportions of mudstone which are enriched with radiogenic minerals. Gamma-ray values between
75 and 105 API correspond to heterolithic units or muddy sandstone/sandy mudstone. The Kueichulin Fm is char-
acterized by high proportions of sandstone with GR values less than 75 APIL. GR data from HYS-1 extend through
the entire Kueichulin Fm from a depth of 2,213 m—1,894 m. Data from TCDP-A are only available for the Yuteng-
ping Sandstone from a depth of 1,707-1,300 m. The base of the Yutengping Sandstone in TCDP-A is delineated
by the Sanyi Fault, which thrust the Kueichulin Fm atop the younger Cholan Fm (A. T. Lin et al., 2007).

3.2. Magnetobiostratigraphic Analysis

The chronostratigraphy of the Kueichulin Fm is based on magnetobiostratigraphy. Paleomagnetic oriented cores
(25-mm in diameter) were collected on average every 6.4 m vertically from 66 unweathered, mud-rich beds at
an outcrop of the formation along the Da'an River (Figure 1a, see also Figure S1 in Supporting Information S1).
Core samples were acquired from the upper Kuantaoshan Sandstone, the Shihliufen Shale, and upwards through
the lower-middle Yutengping Sandstone; these samples were analyzed for their magnetic remanent directions.
In each unweathered, mud-rich bed, 2-3 core samples were collected, and the azimuth and dip of each core
were measured using an orientation tool with a magnetic compass. Cores were cut into 2-cm lengths, and a
JR-6A spinner magnetometer (AGICO) at Academia Sinica in Taiwan was used to obtain the remanent magnetic
intensity, and declination and inclination of samples. The samples were then thermally demagnetized in steps
from 25 to 600°C to remove unstable secondary magnetization and determine stable remanent magnetization
and polarity (i.e., normal or reversed). The magnetic susceptibility of each sample was measured after each
demagnetizing step using a MS2B system (Bartington Instruments) to assess changes in magnetic minerals.
After completion of thermal demagnetization, the characteristic remanent magnetization (ChRM) declination
and inclination were calculated in the PuffinPlot software (Lurcock & Wilson, 2012) using principal component
analysis to determine the polarity of the sample using a minimum of four demagnetization steps (Figure S2 in

Figure 1. (a) Simplified geological map of Taiwan, showing the main geologic provinces: Coastal Plain and Terraces (1), Western Foothills (2), Hsueshan Range (3),
Central Range (4), Coastal Range (5), and Tatun Volcano Group (6) (data from A. T. Lin et al., 2003; C.-W. Lin & Chen, 2016; Simoes & Avouac, 2006). The inset map
shows the geographical location of Taiwan. The location of the HYS-1 borehole is marked by the pink star (120.702024°E, 24.399908°N) and the blue star marks the
TCDP-A borehole (120.73916°E, 24.20083°N). The Da'an River, Kueichulin Fm outcrop (DRK: 120.91062°E, 24.29479°N) is shown by the brown star. Circles indicate
locations of stratigraphic sections used to assess foreland basin subsidence: Dahan River (orange), Chuhuangkeng (yellow), and Tsaohu River (green) (from Nagel

et al., 2013) (background image source: Google Earth). (b) Geochronology of sedimentary strata in north-central parts of the WFB of Taiwan (after Teng et al. (1991)
and Chen (2016)). The Kueichulin Fm is highlighted in the red box. Yellow denotes that the main lithology is sandstone and gray indicates shale. Paleomagnetic
polarity reversals and nannofossil zonations (NN) are also shown (Horng & Shea, 2007; Pan et al., 2015; Vaucher et al., 2021; Vaucher, Zeeden, et al., 2023).
Magnetostratigraphic polarity unit Br. = Brunhes, n = normal polarity, and r = reversed polarity. (c) True vertical depth, gamma-ray profiles and wavelet analysis of
data from HYS-1 and TCDP-A. Periods of orbital parameters were estimated for HYS-1 and TCDP-A in the depth domain using linear sedimentation rates calculated
from magnetobiostratigraphic age boundaries. P = precession (~2 m for HYS-1, ~7 m for TCDP-A), O = obliquity (~4 m for HYS-1, ~13 m for TCDP-A), e = short
eccentricity (~10 m for HYS-1, ~31 m for TCDP-A), and E = long eccentricity (~40 m for HYS-1, ~126 m for TCDP-A).
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Supporting Information S1). Thermal demagnetization diagrams for nine representative samples from the Da'an
River outcrop showing the stable remanent magnetic declinations and inclinations after principal component
analysis are presented in Figure S3 in Supporting Information S1.

Thin section slides were prepared for each sample using offcuts of the cores and were examined for calcareous
nannofossils using a 1000x magnification optical microscope. Index nannofossils and their corresponding biozo-
nations were identified to constrain paleomagnetic polarities and to determine the ages of strata in the Kueichulin
Fm (Chang & Chi, 1983; Huang, 1976; Martini, 1971; Raffi et al., 2006; Shea & Huang, 2003).

The stratigraphic boundaries between members of the Kueichulin Fm were identified along the Da'an River
outcrop based on sedimentological and ichnological characteristics (see Hsieh et al., 2022). The magnetobi-
ostratigraphic ages of these boundaries were then correlated from the outcrop section to the HYS-1 and TCDP-A
boreholes based on the stratigraphic boundaries identified by A. T. Lin et al. (2007). Due to the regional extent of
the Kueichulin Fm across the north-central WFB and the overall similarity of GR patterns between HYS-1 and
TCDP-A, we assume no diachroneity across the stratigraphic units.

3.3. Time-Series Analysis

To detect the main cyclic components preserved in the GR records, we conducted wavelet analysis using the
"biwavelet" R package (Gouhier et al., 2018). This is done, because power spectra integrate over a large depth
range with possibly changing sedimentation rate in this case. The results are then compared to eccentricity,
obliquity, and precession to resolve orbital forcing on the sedimentary system. Using magnetobiostratigraphic
age boundaries, we estimated linear sedimentation rates for the Kueichulin Fm of 0.01 m/Kyr at HYS-1, and the
Yutengping Sandstone of 0.31 m/Kyr at TCDP-A (Table S1 in Supporting Information S1). Using the estimated
linear sedimentation rates, we calculated periods for eccentricity, obliquity, and precession in the depth domain.
Wavelet analyses of the GR data in the depth domain is compared at periods of 40, 10, 4, and 2 m for HYS-1, and
126, 31, 13, and 7 m for TCDP-A, which represent long-eccentricity, short-eccentricity, obliquity, and precession
cycles, respectively (Figure 1c). Wavelet analysis was also conducted on the GR data tied to magnetobiostrati-
graphic age boundaries to determine if orbital cycles exist within our datasets (Figure 2). Overall, the results
of wavelet analyses in both the depth domain and magnetobiostratigraphic time domain at both sites displayed
strong signals that match expected orbital periods. This suggests that an astronomical forcing exists in both GR
records.

Variations in GR are correlated to an orbitally tuned, benthic foraminiferal, stable oxygen isotope (8§'30) record
from the equatorial Atlantic Ocean (Wilkens et al., 2017; Figure 3a). The 5'%0 record represents mainly global
ice volume, which drives sea level. The correlation between the GR records and the 8'30 record is based on the
assumption that chemical weathering is enhanced under warm, humid climates (i.e., when sea level is high).
The production of mud- and clay-rich sediment increases with temperature and humidity (Brady & Weil, 2017;
Singer, 1980) and the export of mud from land increases through enhanced precipitation as a result of increased
EASM and tropical cyclone activity (Dadson et al., 2004; Milliman et al., 2007; Milliman & Kao, 2005).
In contrast, physical weathering is enhanced under global cool, dry climates, which correspond to sea-level
lowstands. Cool, dry climates are times when sand-rich sediments are transported farther into sedimentary basins
due to lower sea levels (Catuneanu, 2006).

The GR records were tuned to the §'0 record of Wilkens et al. (2017) based on the assumption that inter-
vals of low GR values (i.e., sandstone-rich) correlate to 580 maxima, while intervals of high GR values (i.e.,
mudstone-rich) correlate to §'%0 minima. The §'80 record of Wilkens et al. (2017) is used for orbital tuning
because it was tuned to physical sedimentary properties independent of ice volume, and has a robust timescale.
Because of the global signature of the §'%0 signal, a proximal (local) reference record is not needed. Magnetobi-
ostratigraphic age boundaries defined in the Kueichulin Fm are used to constrain the tie points used to tune the
GR records to the benthic foraminiferal 8'30 record. Variations in benthic foraminiferal 5'0 values are related to
changes in global ice volume and deep-sea temperatures, high §'30 values correspond to periods of cooling and
glaciation (i.e., sea level minima), and low 8'80 values correspond to warm, interglacial periods (i.e., sea level
maxima) (Savin et al., 1975).

Time-series and astrochronological analyses were completed using the open-source software "R" and the "astro-
chron" package (Meyers, 2014; R Core Team, 2022). The “testTilt” (Zeeden et al., 2019) and “testPrecession”
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Figure 2. (a) Gamma-ray data from HYS-1 and TCDP-A correlated to magnetobiostratigraphic age boundaries for the Kuantaoshan Sandstone, the Shihliufen Shale,
and the Yutengping Sandstone. (b) Results of wavelet analyses for HYS-1 and TCDP-A. The y-axes represent the periodicity of orbital cycles, where P = precession
(20-Kyr periodicity), O = obliquity (41-Kyr periodicity), e = short eccentricity (100-Kyr periodicity), and E = long eccentricity (405-Kyr periodicity). Blue and green
colors in the wavelet analyses indicate time intervals of no or little cyclicity in the GR record at a specific period, and red and yellow colors indicate intervals of strong
cyclicity. (c) Astronomical solution of Earth's eccentricity (red) and precession (blue) and (d) obliquity for the studied time interval (Laskar et al., 2004) used for
comparison with the sedimentary record as shown using wavelet analysis in (b). The black dashed line indicates the Miocene-Pliocene transition.

(Meyers, 2014; Zeeden et al., 2015) functions were used to test for obliquity and eccentricity-modulated preces-
sion amplitudes in the GR data sets and to compare them to theoretical orbital obliquity and precession. This
methodology tests the integrity of the tuning results while accounting for possible frequency modulation of the
tuning process. Power spectra for the GR records are also calculated using the multitaper method for spectral
analysis (Meyers, 2012; Thomson, 1982) to identify prominent orbital cycles within the record (Figure S5 in
Supporting Information S1). The tuning tie points are available in Table S2 in Supporting Information S1, and
the R script is available in Hsieh et al. (2023).

To evaluate the individual effect of eccentricity, obliquity, and precession forcing, we filter the GR data using
a Taner bandpass filter at different periodicities (Taner, 1992). We apply low-frequency and high-frequency
cut-off-frequencies of 0.0125 cycle Kyr~! and 0.007 cycle Kyr~! for eccentricity, 0.03 cycle Kyr~' and 0.021
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Figure 3. (a) Benthic foraminiferal §'%0 record (Wilkens et al., 2017) used to tune the GR records. (b) Astronologically tuned and correlated GR data from HYS-1 and
TCDP-A (A. T. Lin et al., 2007). Select tie points used to tune the data sets are shown by vertical gray lines. Please refer to Table S2 in Supporting Information S1 for
all tie points used. (c) Sedimentation rates calculated for HYS-1 and TCDP-A. The vertical black dashed line marks the Miocene-Pliocene transition.

cycle Kyr~! for obliquity, and 0.06 cycle Kyr~! and 0.04 cycle Kyr~! for precession, respectively (Zeeden
et al., 2018). Instantaneous amplitudes for each record are determined with a Hilbert transform to isolate the
amplitudes of eccentricity, obliquity, or precession-frequency components. This allows for the comparison of indi-
vidual orbital components preserved in the record against calculations of orbital indices by Laskar et al. (2004),
as shown in Figures 2c and 2d.

4. Results
4.1. Age Model

Paleomagnetic samples collected from the Kueichulin Fm outcrop along the Da'an River preserve a magnetic
polarity sequence, and when combined with index nannofossil zonations, provide high-resolution age constraints
for the Shihliufen Shale and Yutengping Sandstone (Figure 1b; see also Figure S4 in Supporting Information S1
and Hsieh et al., 2023 for magnetobiostratigraphic data). Magnetic polarities could not be determined for the
Kuantaoshan Sandstone due to its coarse grain size, resulting in unstable remanent magnetization during ther-
mal demagnetization; however, based on the presence of the index nannofossils Discoaster quinqueramus and
Triquetrorhabdulus rugosus, it belongs to nannofossil zonations of NN11-NN12 (Raffi et al., 2020). The Shihli-
ufen Shale shows a reversed-normal-reversed polarity sequence upwards, and the presence of Ceratolithus acutus
and Ceratolithus rugosus (NN12-NN13; Raffi et al., 2020) assign the magnetic polarities to the lower Gilbert
chron (C3r, C3n.4n, and C3n.3r, respectively; Ogg, 2020) across the Miocene/Pliocene boundary (Figure 1b; see
Hsieh et al., 2023 for magnetobiostratigraphic data). Samples collected from the lower-middle Yutengping Sand-
stone interval show three normal magnetic polarities intercalated with reversed polarities, which are constrained
to the mid-to upper-Gilbert chron (from C3n.3r to C2Ar; Figure 1b; see Hsieh et al., 2023) by the presence of
large form (~7 mm in diameter) of Reticulofenestra pseudoumbilicus and Sphenolithus abies (NN13-NN14;
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Ogg, 2020; Raffi et al., 2020). This suggests that the boundary between the Kuantaoshan Sandstone and the over-
lying Shihliufen Shale occurred near the Miocene-Pliocene transition at ca. 5.3 Ma, and the boundary between
the Shihliufen Shale and Yutengping Sandstone boundary occurred near 4.92 Ma (Hsieh et al., 2022). A study
by Horng and Shea (2007) based on magnetic polarity records of Taiwan of the Pliocene-Pleistocene shows that
the base of the Chinshui Shale (i.e., the top of the Yutengping Sandstone) occurs near the Gilbert-Gauss polarity
boundary at 3.6 Ma. The magnetobiostratigraphic ages are then used to tune the GR data to the 8'30 record with
tie points (see Supplementary Materials 1 and 3 in Supporting Information S1) to construct an age model for the
two boreholes (Figures 3a and 3b). The tuned age model shows that the upper part of the Kuantaoshan Sandstone
was deposited between ca. 6.27 and 5.4 Ma, the Shihliufen Shale between ca. 5.4 and 4.92 Ma, and the Yuteng-
ping Sandstone between ca. 4.92 and 3.15 Ma (Figures 3a and 3b).

While uncertainties remain in the magnetobiostratigraphic age constraints due to unstable remanent magneti-
zation and the presence and preservation of index nannofossils, especially in the coarser-grained Kuantaoshan
Sandstone and Yutengping Sandstone, the magnetobiostratigraphic age of the Shihliufen Shale appears robust
(i.e., the ages of the boundaries between each member of the Kueichulin Fm are constrained). In addition, our
magnetobiostratigraphic age data are supported by existing magnetobiostratigraphy for the Kueichulin Fm.

Sedimentation rates through the Kueichulin Fm are calculated based on our integrated age model (Figure 3c).
The results show that sedimentation recorded in both the HYS-1 and TCDP-A wellbores and over similar inter-
vals, fluctuated between multiple phases of low rates followed by high rates. Sedimentation rates in the Kuan-
taoshan Sandstone range from 0.06 to 0.23 m Kyr~' (average 0.13 m Kyr~!). Sedimentation rates are lowest in
the Shihliufen Shale, ranging from 0.03 to 0.10 m Kyr~! (average 0.06 m Kyr~!). In the Yutengping Sandstone,
sedimentation rates are higher in TCDP-A (average 0.26 m Kyr~!) and the range of values are more extreme
(0.08-0.58 m Kyr~!) compared to HYS-1 (0.05-0.24 m Kyr~!; average 0.12 m Kyr~'). An anomalously high
sedimentation rate of 0.7 m Kyr~! at 3.15 Ma in both the HYS-1 and TCDP-A is probably the result of an edge
effect caused by the age boundary imposed at the top of the GR data sets and is not deemed to reflect actual sedi-
mentation rates. Consequently, the anomalous sedimentation rate is excluded in the calculation of average rates.

Results from the “testTilt” function (Figure 4a) show that the match between obliquity amplitudes and the GR
datasets is poor for HYS-1 and strong for TCDP-A. Results from the "testPrecession" function (Figure 4b) show
that the match between precession amplitudes and the HYS-1 GR data is poor. The match between precession
amplitudes and TCDP-A GR data is highest when orbital eccentricity amplitudes are high (i.e., after 4 Ma), and
this is expected because the precession signal is typically poorly preserved in geologic records during low eccen-
tricity. The older limits are different for the time periods tested for obliquity and precession amplitude modulation
because of the different age ranges of the GR records (i.e., HYS-1 extends from 6.27 Ma to 3.15 Ma, while
TCDP-A only extends from 5 Ma to 3.15 Ma). Therefore, the orbital data processed for obliquity and precession
are slightly different for both HYS-1 and TCDP-A.

4.2. Time-Series Analysis and Orbital Imprint

Results of wavelet analysis show that the Kueichulin Fm GR record in both the HYS-1 and TCDP-A boreholes
(Figure 5a) preserves evidence of both long- and short-eccentricity, obliquity, and precession cycles. Through
the Kueichulin Fm there is a strong signal at the 405-Kyr period in both HYS-1 and TCDP-A, and this corre-
sponds to long eccentricity, with the maximum occurring in the Yutengping Sandstone (Figure 5b). Through the
Kuantaoshan Sandstone and lower Shihliufen Shale (6.27-5.3 Ma), 100- and 41-Kyr cycles are most prevalent.
The strong, 100-Kyr period signal across this time interval corresponds with high eccentricity, with maxima
near 5.8 Ma and 5.4 Ma, and a minimum near 5.7 Ma (Figures 5b and 5c). For the 41-Kyr period, the signal is
strongest when eccentricity and precession are at a minimum, with the strongest signals appearing near 5.9 Ma
and 5.5 Ma (Figures 5b—5d). Cycles with a 20-Kyr periodicity exhibit higher variability through the 6.27-5.3 Ma
interval (Figures 5b and 5c). The influence of orbital obliquity and precession on the GR record appears to
diminish abruptly through the middle to upper Shihliufen Shale (5.3—4.92 Ma), while eccentricity shows a slight
weakening (Figure 5b). Through the Yutengping Sandstone, the 100-Kyr signal remains clear and rather constant
in the HYS-1 borehole, while the GR record in the TCDP-A borehole shows variations in the signal strength
that correspond to increasing and decreasing eccentricity influence (Figure 5b). The 41-Kyr signal increases in
strength again in strata younger than 5 Ma and appears stronger in the HYS-1 record than in the TCDP-A record
(Figure 5b). In HYS-1, 20-Kyr cycles are strongest during eccentricity and precession minima, while in TCDP-A
the strongest signals correspond to precession maxima (Figures 5b and 5c¢).
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Figure 4. Results of the (a) “TestTilt” and (b) “TestPrecession”" functions for tuned GR data of TCDP-A and HYS-1.
These tests assess the robustness of astronomical tuning against astronomical solutions of orbital indices (La2004; Laskar
et al., 2004). The mismatch between obliquity and precession and the La2004 astronomical solutions in both records is
probably due to a lack of a dominant signal in the record.

The filtered GR data show elevated amplitudes at 41-Kyr cycles preserved at both HYS-1 and TCDP-A (Figures 6a
and 6b). However, amplitudes are generally low except during obliquity maxima and/or eccentricity minima (i.e.,
near 5.5, 4.9, and 3.6 Ma). Obliquity amplitudes are also low through the Shihliufen Shale, despite increasing
orbital obliquity. Short eccentricity is pervasive throughout the Kueichulin Fm, with variations in the 100-Kyr
amplitudes corresponding well with eccentricity (i.e., maxima near 5.4, 5.1, and 3.7 Ma; Figures 6¢ and 6d),
except in the Shihliufen Shale where 100-Kyr amplitudes are low despite an eccentricity maximum. While 20-Kyr
cycles are expressed in the GR data, they are obscured by the stronger, lower-frequency cycles (i.e., >41-Kyr
cycles) in the wavelet analysis (Figure 5b). After removal of the lower-frequency cycles by applying the Taner
filter, the 20-Kyr signal and its variations are more clearly expressed in the GR records (Figure 6¢). Through the
Kuantaoshan Sandstone, the relative amplitudes (i.e., strength) of 20-Kyr cycles are low and not highly variable
except near both the base of the Kuantaoshan Sandstone and near the Shihliufen Shale-Kuantaoshan Sandstone
boundary (ca. 6.2 Ma and 5.4 Ma, respectively); both of these stratal intervals record eccentricity maxima and
obliquity minima. The 20-Kyr signal decreases to a minimum through the Shihliufen Shale despite high and vari-
able precession (Figure 6¢). Through the Yutengping Sandstone, the amplitude of the 20-Kyr signal is at a maxi-
mum, and peaks in 20-Kyr cycles generally correspond to precession maxima (i.e., near 5.4, 4.6, and 3.6 Ma); this
is expressed more clearly in TCDP-A (Figure 6e).

5. Discussion

Presently, sediment is transported from the Taiwan orogen to the Taiwan Strait primarily during high precipitation
and runoff associated with the EASM and tropical cyclones (C.-W. Chen et al., 2018; Dadson et al., 2003, 2004;
Dashtgard et al., 2021; Kao & Milliman, 2008; Milliman et al., 2007, 2017; Milliman & Kao, 2005; Steer
etal.,2020; Vaucher et al., 2021; Vaucher, Zeeden, et al., 2023; Y. Yang et al., 2022). Sediment transport was likely
similar in the geologic past because the morphology, tectonic setting, and evolution of Taiwan have remained
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Figure 5. (a) Correlated gamma-ray data from HYS-1 and TCDP-A tuned to the 8'30 record from Wilkens et al. (2017). (b) Results of wavelet analyses for HYS-1 and
TCDP-A. The y-axis represent the periodicity of orbital cycles, where P = precession (20-Kyr periodicity), O = obliquity (41-Kyr periodicity), e = short eccentricity
(100-Kyr periodicity), and E = long eccentricity (405-Kyr periodicity). Blue and green colors indicate time intervals of poor correlation between the GR record

and cycles of a specific periodicity, and red and yellow colors indicate intervals of strong correlation. (c) Astronomical solution of Earth's eccentricity and climatic
precession and (d) obliquity indices for the studied time interval (Laskar et al., 2004) used for comparison with periodicities preserved in the sedimentary record as
shown using wavelet analysis in (b). The black dashed line indicates the Miocene-Pliocene transition.

relatively constant since the late Pliocene (Hsieh et al., 2022; A. T. Lin et al., 2003; A. T. Lin & Watts, 2002;
Nagel et al., 2013, 2014, 2018). At low latitudes, hydrological cycles such as the EASM and tropical cyclones are
mainly driven by changes in insolation related to eccentricity-modulated precession (Clement et al., 2004; Gai
et al., 2020; Merlis et al., 2013; Prell & Kutzbach, 1987; Tachikawa et al., 2011; Wang et al., 2017; Yamamoto
et al., 2013). While strong precession signals are evident in EASM records from the Chinese Loess Plateau (e.g.,
Ao et al., 2016, 2021; Sun et al., 2010; S. Yang et al., 2018), they are generally not preserved in marine records
from the South China Sea (Ao et al., 2011, 2016, 2021; Gai et al., 2020; Holbourn et al., 2021; Huybers, 2006; Li
& Wang, 2015; Shi et al., 2022; Wang et al., 2017; Zhang et al., 2022). However, in shallow-marine environments,
the completeness of the sedimentary record improves with increasing sedimentation rate and basin accommoda-
tion space, which result in enhanced preservation potential of precession signals (Figure 6e).

During the early stages of Taiwan orogenesis (prior to ca. 5.4 Ma, sedimentation rates and basin accommodation
space were low because (a) there was no proximal sediment source (i.e., Taiwan), and (b) basin subsidence was
low (Figures 3c and 6f; Nagel et al., 2018). Additionally, the sea along the southeast margin of Eurasia was open
to the Pacific Ocean, exposing the shelf and shoreface to extensive wave reworking modulated by eustatic sea

HSIEH ET AL.

10 of 17

85UB01 T SUOWILIOD 9AIE1D) 9|ed!|dde 8y} Aq peusenob aie il YO ‘9sn Jo Sajn 10} Akeiqi8ulUO A1/ UO (SUOTHPUOD-PUE-SWS)W0D A8 1M Ale.d |Bul|uo//:SdNY) SUOTPUOD pue SULB | 8y} 88S *[£202/90/T0] Uo AriqiTauliuo /8|1 ‘eAnde1-anopesy Aq 985500 Vdzz02/620T OT/I0p/Lod A8 |im Al 1jpul|uosqndnbe//sdny wols pepeojumod ‘9 ‘€202 ‘S2svz.Se



~1
A\? 1

ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology

10.1029/2022PA004586

=

-0.06 -0.02 002 006 40 60 80 100 120 40 60 80 100 120 22

(@)

—— Eccentricity (-)

(]

0 40 60 80 100 120 40 60 80 100 120 40 60 80 100 120 40 60 80 100 120

Foreland Basin H

Subsidence (m)

2000 1500 1000 500

Obliquity (°)
23

GR (API)

GR (API)

GR (API) GR (API) GR (API)

GR (API)

24

Time (Ma)
35 40 45 5.0 55 6.0
:
Pliocene ! Miocene
|
|
|
|
|
|
I
I
I
I
I 0 A
] S
| -8
Lo €
lo 2
e £ | &
o =
= g
o) =}
Le 3
8
_ w0 ey
= o
L 2 g
Lo g o
2
Fo =
=
Lo E
° <
=
Lo ]
8
s
=
LS 2
S8
~ 2
FS a
S
T
e
S
T
) .
Fre
o %
S
to £ =
lo B | B
o = 5
L& g
A ©
2
-0 n
- S
Lo 2
e |8
[°3 |2
te 2 | &
Lo E
=3
Le ]
© .
=)
o8
) 2
1 2% |8
! 2 g
| o
| < £
| =
1 [Tcopa ! re 2
[ I Lo 13
i I \"u“M i e b } e 5
e rog |E
_WMWM Mwm oo l o2
R AR | e
I e
I Lo J
I -
I
|
|
|
Il —0
|
|
I
I
[ e = = °
I
I
1
Yutengping Sandstone Shihliufen Shale Kuantaoshan Sandstone
. Early stages of foreland Early stages of Taiwan orogenesis
'Iélwaq Orogen fuly emerge_d basin subsidence and Seas adjacent to Eurasia connected to
Creation of a sheltered strait - o
\Taiwan Orogen open Pacific Ocean
Onsef of subsidence |- +
{EASMiintensificafion 1
+——————{Depositon dominany paced by eccerfrciy-modulafed precession }————— — — — — — = =~ — - O ety e oo oY
Figure 6.

level change, the latter of which is driven by obliquity pacing of Antarctic Ice Sheet growth and decay. With the
onset of deposition of the Shihliufen Shale (5.4—4.92 Ma), the foreland basin subsidence rate began to acceler-
ate, and sediment flux from Taiwan began to increase (Figure 6f; Hsieh et al., 2022; Nagel et al., 2018). After
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4.92 Ma, continued rapid uplift and erosion of the Taiwan orogen resulted in further subsidence of the WFB,
increased sediment flux from land to sea, and the formation of the Taiwan Strait Figure 6f; Hsieh et al., 2022;
Nagel et al., 2018). Enhanced currents (i.e., alongshore currents) resulted from the formation of the Taiwan
Strait and the restriction and acceleration of water that flowed along the shelf. However, the semi-sheltered
strait also limited the degree of sediment reworking by erosive wave processes in shallow water (e.g., Dashtgard
et al., 2020) that truncated higher-frequency climate signals such as precession.

Sediment reworking by large waves is common in open, shallow-marine environments (Dashtgard et al., 2012;
Myrow & Southard, 1996), such as the WFB before the Taiwan orogen fully emerged, and this typically decreases
the temporal completeness of the sedimentary record. In particular, higher-frequency cycles such as precession
are more susceptible to removal by sediment reworking, while lower-frequency cycles, such as eccentricity, have
higher preservation potential. Neither obliquity nor precession are very clearly expressed in the record although
they are significantly present (Figure S5 in Supporting Information S1). Because testing for amplitude rela-
tionships requires a dominant signal of precession or obliquity to be tested (Shackleton et al., 1995; Zeeden
etal., 2015, 2019), the obliquity and eccentricity-modulated precession amplitudes in the GR datasets differ from
astronomical solutions of orbital indices (Laskar et al., 2004; Figure 4). However, similar trends between the GR
datasets and the 8'80 record suggest that an astronomical imprint exists in both locations (Figures 3a and 3b).
The trends in sedimentation rates are also similar at both locations, which indicate that the tuning between the
two locations is consistent (Figure 3c).

The open-ocean conditions in the pre-Taiwan Strait prior to 5.4 Ma resulted in the obscuration of precession-driven
hydrological processes in the sedimentary system despite strong and highly variable orbital precession and an
intensification of the EASM between ca. 8 and 3 Ma (e.g., Ao et al., 2016; Filippelli, 1997; Gai et al., 2020;
Holbourn et al., 2021; Hui et al., 2021; Wan et al., 2006; Wang et al., 2005). The preservation of lower-frequency
cycles is manifested in the HYS-1 record between 6.27 and 5.4 Ma, where distinct 100-Kyr signals occur through-
out (Figures 5b and 6d). The 100-Kyr signals reflect the dynamic response of the EASM and related runoff to
eccentricity modulation of summer insolation (Ao et al., 2021; Clemens & Tiedemann, 1997; Li & Wang, 2015;
Wang et al., 2017).

The acceleration of foreland basin subsidence rate from 5.4 to 4.92 Ma resulted in increased water depths (>35 m;
Dashtgard et al., 2020) and lower sedimentation rates at the paleogeographic positions of HYS-1 and TCDP-A.
Despite increasing basin subsidence, the preservation of orbital oscillations is low through the Shihliufen Shale,
and this is attributed to either (a) low sedimentation rates at deeper water depths resulting in cycles being below
the resolution of the recording instrument; (b) low sedimentation rates at deeper water depths obscuring varia-
tions in sediment input; and/or (c) cycles not being visible in the GR proxy record due to a lack of contrasting
lithology.

After 4.92 Ma, continued uplift of the Taiwan orogen resulted in further subsidence of the WFB and the forma-
tion of a strait that was semi-sheltered from the Pacific Ocean. As rapid uplift and erosion of the Taiwan orogen
continued in the early Pliocene, it became the dominant sediment source to the WFB (Dashtgard et al., 2021;
Hsieh et al., 2022). Sediment flux from the Taiwan orogen was likely higher after 4.92 Ma, although esti-
mated sedimentation rates through the Yutengping Sandstone are comparable to the Kuantaoshan Sandstone
in HYS-1 (Figure 3c) even with increased basin subsidence during deposition of the Yutengping Sandstone
(Nagel et al., 2018). This is likely a consequence of sediment remobilization toward the South and East China
Seas by alongshore currents that developed with the formation of the Taiwan Strait (Milliman et al., 2007; Nagel
et al., 2018; Vaucher, Dillinger, et al., 2023). The combination of the formation of a semi-sheltered strait and
increased basin accommodation space and sediment flux resulted in enhanced preservation of precession-driven
EASM and tropical cyclone variability in the GR datasets after 4.92 Ma (Figure 6e).

Through the Yutengping Sandstone, the GR data in both HYS-1 and TCDP-A show overall strong eccentricity
patterns with moderate obliquity. Precession is more variable between the two locations (Figure 6). At HYS-1,

Figure 6. (a) Astronomical solution of Earth's obliquity index for the studied time interval (Laskar et al., 2004). (b) Tuned GR datasets (HYS-1 in pink, TCDP-A in
yellow) filtered using the Taner bandpass filter for obliquity (41-Kyr periodicity). The brown lines represent the amplitude (i.e., strength) of obliquity signal preserved
in the GR record after applying the bandpass filter. The dashed black line represents the upper envelope of the filtered signal, which highlights peaks that correspond
to strong obliquity signals preserved in the GR record. (c) Astronomical solution of Earths' eccentricity and climatic precession indices for the studied time interval
(Laskar et al., 2004). (d) Tuned GR datasets filtered for short eccentricity (100-Kyr periodicity) and (e) precession (20-Kyr periodicity). (f) Western Foreland Basin
subsidence over time at Dahan River (orange), Tsaohu River (green), and Chuhuangkeng (yellow) (from Nagel et al., 2013). These values are used to calculate basin
subsidence, and the positions of these sections are shown in Figure 1.
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20-Kyr amplitudes are strongest during eccentricity minima at ca. 4.8, 4.4, and 3.6 Ma, while in TCDP-A, peaks
in precession amplitudes generally correspond to eccentricity maxima throughout the entire record (Figures 6¢
and 6e). The differences in precession signals preserved at HYS-1 and TCDP-A and their formation thicknesses
may be a result of their positions relative to the Taiwan Strait. The present-day location of TCDP-A is farther
inland from the Taiwan Strait than HYS-1. During the early Pliocene, it is likely that HYS-1 was in a more
central position in the paleo-Taiwan Strait, which probably resulted in increased remobilization of sediment by
alongshore currents from the region around HYS-1 toward the South and East China Seas. After 4.2 Ma, with
continued uplift and western propagation of the Taiwan orogen, the depocenter at HYS-1 shifted from the center
of the strait toward Taiwan. At TCDP-A, where sedimentation occurred more proximal to the Taiwan orogen and
away from the stronger alongshore currents in the middle of the paleo-Taiwan Strait, the 20-Kyr cycles clearly
reflect variations in eccentricity-modulated precession amplitude throughout the entire interval.

6. Conclusion

Traditionally, climate reconstructions for the late Miocene-Pliocene have emphasized the influence of 41-Kyr
obliquity cycles on global climate because the obliquity signal is preserved in many climate archives from this time
period (Clement et al., 2004; Naish et al., 2009; Patterson et al., 2014; Westerhold et al., 2020). However, climate
of mid-to low-latitude regions is largely controlled by summer insolation paced by eccentricity-modulated preces-
sion, and there is evidence for this in EASM records from the Chinese Loess Plateau (e.g., Ao et al., 2016, 2021;
Sun et al., 2010; S. Yang et al., 2018) and some shallow-marine sedimentary archives (e.g., Berger et al., 2006;
Clement et al., 2004; Gai et al., 2020; Kutzbach, 1981; Prell & Kutzbach, 1987; Tachikawa et al., 2011; Wang
et al., 2017; Yamamoto et al., 2013). This study shows that the orbital imprint on the shallow-marine realm is
dependent on both the global climate state and the local depositional system, including sediment availability and
basin accommodation space. The Taiwan Western Foreland Basin (WFB) provides an example of how a rapidly
uplifting orogen can modify the expression of orbital cycles preserved in shallow-marine sedimentary archives
at different stages of orogenesis.

The changes in orbital climate drivers preserved in the Kueichulin Formation reflect different stages of Taiwan
orogenesis. During the early stages of Taiwan orogenesis, prior to 5.4 Ma, the Taiwan Strait did not exist, and
sediment in the early WFB were susceptible to reworking by wave processes in the open Pacific Ocean. These
large and energetic waves obscured or obliterated evidence in the sedimentary record of hydrological cycles
driven by eccentricity-modulated precession. Consequently, in the Kuantaoshan Sandstone and prior to 5.4 Ma,
there is weak preservation of precession signals as high-frequency oscillations are more prone to removal, while
lower-frequency obliquity and eccentricity cycles remained. During the early stages of emergence of Taiwan
(5.4-4.92 Ma), basin subsidence and water depths increased, but sedimentation rates remained low. These condi-
tions resulted in poor preservation of orbital oscillations except for eccentricity maxima. After 4.92 Ma, the rapid
uplift and erosion of the Taiwan orogen became the major sediment source to the WFB (Hsieh et al., 2022),
and basin subsidence began to accelerate. Also, after 4.92 Ma, the emergence of the Taiwan orogen resulted in
development of the Taiwan Strait which sheltered the WFB from the major erosive force of waves generated in
the Pacific Ocean, especially during changes in eustatic seal level. The Taiwan orogen also became the dominant
source of sediment to the WEB. The protection of the Taiwan Strait from Pacific Ocean waves and increased
sediment flux led to enhanced preservation of precession signals.
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