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A B S T R A C T   

The appraisal of sedimentary archives is key for predicting sea level changes and extreme weather event behavior 
under varying greenhouse gas levels. Here, we assess the hydroclimate variability of the northwest Pacific realm 
during the Pliocene-Pleistocene transition by using a continuous record of gamma-ray log data from two bore
holes comprising shallow-marine strata in the Western Foreland Basin, Taiwan. The gamma-ray records provide a 
high temporally resolved stratigraphic record spanning from ~3.15 to ~1.95 million years ago. The comparison 
of the astronomically tuned gamma-ray logs to global sea-level and regional sea-surface temperature re
constructions highlights the impact of high- and low-latitude climate drivers on depositional cycles during the 
Plio-Pleistocene transition. During the late Pliocene, the interplay between the orbitally paced East Asian 
Summer Monsoon and tropical cyclones dominates the fluctuation in sediment supplied from Taiwan to our 
study sites. With the intensification of Northern Hemisphere glaciation from the late Pliocene through the early 
Pleistocene, sea-level changes were ruled by increasingly pronounced glacial-interglacial cycles, and the sedi
mentary record during this time interval is paced initially by obliquity and later by precession. This study reveals 
that shallow marine strata can record a more complex history of past hydroclimatie dynamics in the northwest 
Pacific than recorded in deep sea climate archives.   

1. Introduction 

During the late Pliocene mean annual surface temperatures were ~ 
3–4 ◦C warmer than preindustrial values and atmospheric carbon di
oxide concentrations ranged between 365 and 415 ppm (Pagani et al., 
2009; Haywood et al., 2013; Burke et al., 2018). Sea-level reconstruction 
from the late Pliocene suggests a maximum of +6 to +14 m during 
interglacial periods and a minimum of − 12 to − 26 m during glacial 
intervals compared to present-day global mean sea level (Berends et al., 
2021). At that time, it is suggested that El Niño-like conditions prevailed 
in the western Pacific due to a weaker Walker Circulation (Kaboth-Bahr 
and Mudelsee, 2022), and sea surface temperatures in the Western 

Pacific averaged 28.5 ◦C (Li et al., 2011). The most favorable conditions 
for tropical cyclone (TC) genesis across the Cenozoic occurred during the 
late Pliocene in the northwestern Pacific (Yan et al., 2019). For all these 
features, the Pliocene climate is considered as a possible analog for near- 
future Earth's climate in the global warming context (Burke et al., 2018). 
While Northern Hemisphere ice sheets started expanding in the middle 
Miocene, the long-term trend of Cenozoic cooling led to an intensifica
tion of ice-sheet development during the early Pleistocene (Shackleton 
et al., 1990; Clark et al., 1999; Zachos et al., 2001). This intensification 
occurred at ~2.58 Ma with more prominent glacial-interglacial climate 
variability (Lisiecki and Raymo, 2007). During the early Pleistocene, the 
global mean annual temperature decreased due to the intensification of 
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glacial cycles, and this was manifested in sea-level variations of 25–50 m 
(Berends et al., 2021). Also, during the early Pleistocene La Niña-like 
conditions seemed to dominate in the western Pacific (Kaboth-Bahr and 
Mudelsee, 2022). 

Here, we analyze gamma ray (GR) records of Pliocene–Pleistocene 
shallow-marine strata from two boreholes drilled in the Western Fore
land Basin (WFB), Taiwan (Fig. 1). These GR records are used to derive 
hydroclimate variability (i.e., glacial-interglacial cycles, monsoon ac
tivity) between ~3.15 and ~1.95 Ma in the northwest Pacific realm. For 
this purpose, we: i) built an age-model by combining magneto
biostratigraphic information and astronomical tuning of the GR data to 
the deep-sea stable oxygen isotope (δ18O) record with an established 
time scale (Wilkens et al., 2017); and, ii) compared our tuned datasets to 
state-of-the-art global sea-level reconstructions (i.e., high-latitude 
climate forcing) (Berends et al., 2021) and to regional sea-surface tem
perature estimates from the northwest Pacific (i.e., low-latitude climate 
forcing) (Li et al., 2011). The latter is done to derive hydroclimate trends 
during the Plio-Pleistocene transition and to assess how they are 
expressed stratigraphically. 

Paleoclimate reconstructions from the sedimentary record provide 
fundamental data to constrain forecast modeling for Earth's future 
climate system. Since elevated and rapidly increasing greenhouse gas 
emissions cause warming of Earth (Zeebe et al., 2016), it is urgent to 
understand how Earth's surface processes respond to climate changes, 

especially under warmer than present conditions (Pancost, 2017; Burke 
et al., 2018). The vast majority of climate narratives from Earth's history 
(e.g., sea-surface temperature, sea-level reconstruction) are derived 
from deep-sea archives (e.g., Zachos et al., 2001; Lisiecki and Raymo, 
2005; Raymo et al., 2006; Grant et al., 2014; Rohling et al., 2014; 
Berends et al., 2019; Miller et al., 2020; Westerhold et al., 2020; Berends 
et al., 2021; Drury et al., 2021). The high temporal completeness of 
deep-sea records (i.e., quasi-continuous sedimentation, limited erosion 
and sediment bypass) makes them highly accurate geoarchives. Indeed, 
deep-sea sediment archives have yielded a wealth of robust data on 
paleoclimate variability over the last millions of years (e.g., Zeeden 
et al., 2013; Wilkens et al., 2017; Kaboth-Bahr et al., 2021; van der 
Lubbe et al., 2021; Beaufort et al., 2022). However, most paleoclimate 
information is derived from proxy data such as foraminiferal δ18O or 
Mg/Ca-ratios that may fail to capture past hydroclimate variabilities at 
the continent-ocean interface (e.g., Vaucher et al., 2021). 

Sea-level rise and an increase in extreme weather events, such as TCs, 
are two major predicted consequences of global warning (Knutson et al., 
2010; Coumou and Rahmstorf, 2012; Peduzzi et al., 2012; Zhang et al., 
2020; IPCC, 2021). Even though sea-level fluctuations and extreme 
weather events leave direct sedimentologic and stratigraphic expres
sions (Catuneanu et al., 2009; MacEachern et al., 2012; Dashtgard et al., 
2020; Vaucher et al., 2021; Green et al., 2022), the stratigraphic records 
of shallow-marine environments are not commonly regarded as 

Fig. 1. Geographic and stratigraphic framework. (A) Geological map of Taiwan and the main geological units. 1: Coastal Plain; 2: Western Foothills; 3: Hsuehshan 
Range; 4: Central Range; 5: Coastal Range; 6: Tatun volcano group (Lin and Chen, 2016). Borehole locations: TCDP-A: 120.73916◦E, 24.20083◦N, and HYS-1: 
120.702024◦E, 24.399908◦N. (B) The chronostratigraphic chart of the northern part of the Western Foothills and the schematic stratigraphy for the main units. 
Nanofossils zones and magnetic polarity reversals are shown (Horng and Shea, 2007; Pan et al., 2015; Cohen and Gibbard, 2019; Vaucher et al., 2021). Magnetic 
polarity abbreviations: J: Jaramillo; CM: Cobb Mountain; O: Olduvai; R: Réunion; K: Kaena; M: Mammoth. The stratigraphic log is not scaled. Dark gray: mudstone- 
dominated; light gray: sandstone-dominated; light gray with circle: conglomerate-dominated. (C) The sandstone-dominated Kueichulin Formation seen along the 
Da'an River, Taiwan. (D) The mudstone-dominated Chinshui Shale cropping out along the Ta'Chia River, Taiwan. (E) The heterolithic Cholan Formation marked by a 
cyclical pattern of deposition exposed along the Wu River, Taiwan. (F) Gamma ray (GR) records acquired from HYS-1 (in orange) and TCDP-A (in light blue) 
boreholes and their inferred formational limits (modified from Lin et al., 2007). Lithology abbreviation: M: Muddier; S: Sandier. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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excellent climate archives because of their presumed temporal incom
pleteness (e.g., Barrell, 1917; Sadler, 1981; Jerolmack and Sadler, 2007; 
Paola et al., 2018). In a recent study, Vaucher et al. (2021) showcase that 
lower Pleistocene strata in the WFB of Taiwan preserve high-resolution 
records of past climate oscillations within shallow-marine strata. 
Deriving such narratives was made possible because of both high ac
commodation and sedimentation rates in the basin, which enhanced the 
completeness of the stratigraphic record. While only a limited interval of 
the early Pleistocene-aged WFB (~220 kyrs from ~2.21 to ~1.96 Ma) 
was astronomically tuned (supported by magneto-biostratigraphy), 
these data revealed a strong linkage between insolation paced glacio- 
eustasy and sediment supply (Vaucher et al., 2021). Hence, the WFB 
sedimentary record may represent one of the best archives to understand 
hydroclimatic changes that occur at the continent-ocean interface dur
ing the Plio-Pleistocene in the northwest Pacific. 

2. Setting 

2.1. Geological framework 

Taiwan (Fig. 1A) is a tectonically active mountainous island in the 
northwest Pacific and is situated at the collision zone between the 
Philippine Sea Plate and the Eurasian Plate. Collision of the two plates 
commenced in the late Miocene (~6.5 Ma), which triggered lithospheric 
flexure of the Eurasian Plate and formation of the WFB (Covey, 1984; Yu 
and Chou, 2001; Chou and Yu, 2002; Lin and Watts, 2002; Castelltort 
et al., 2011). The fill of the WFB begins with the late Miocene–early 
Pliocene Kueichulin Formation (Fm), which is sandstone-dominated and 
was deposited under wave and tidal action mainly in shallow-marine 
and deltaic environments (Fig. 1B, C) (Castelltort et al., 2011; Nagel 
et al., 2013; Dashtgard et al., 2020; Dashtgard et al., 2021). The Kuei
chulin Fm is overlain by the late Pliocene Chinshui Shale, the latter of 
which is a mudstone-prone interval deposited in an offshore environ
ment during a period of maximum flooding and increased subsidence in 
the WFB (Fig. 1B, D) (Castelltort et al., 2011; Nagel et al., 2013; Pan 
et al., 2015). The early Pleistocene Cholan Fm comprises mainly het
erolithic strata deposited in shallow-marine environments and under the 
influence of wave, river and tidal processes (Fig. 1B, E) (Covey, 1984; 
Nagel et al., 2013; Pan et al., 2015; Vaucher et al., 2021). The whole 
interval is capped by the late Pleistocene Toukoshan Fm, which is a 
conglomerate-dominated interval that records deposition mainly in 
terrestrial environments. The shallowing-upwards Chin
shui–Cholan–Toukoshan succession records infilling of the WFB asso
ciated with the westward migration of the Taiwan orogen (Fig. 1B) 
(Nagel et al., 2018). 

2.2. Climate and sediment flux 

Taiwan is situated along the path of most of the TCs generated in the 
northwest Pacific (Rohde, 2006) and where the East Asian Summer 
Monsoon (EASM) is very active (Chen and Wang, 2008; Tung et al., 
2020). Taiwan is impacted by more than three TCs per year, and more 
than two Super-Typhoons (i.e., category 4–5 on the Saffir-Simpson 
Hurricane Intensity Scale; Kelman, 2013) every 10 years with evi
dence of past TCs preserved in the stratigraphic record of the WFB (e.g., 
Dashtgard et al., 2020; Dashtgard et al., 2021). Precipitation over 
Taiwan is evenly distributed between the EASM and TCs (Chen and 
Wang, 2008; Chen et al., 2010), yet >75% of sediment delivered to the 
Taiwan Strait occurs during TCs (Dadson et al., 2003; Dadson et al., 
2005; Milliman et al., 2007; Chen et al., 2018b). Sediment discharge to 
the seas surrounding Taiwan mostly consists of mud (70–98%) (Kao 
et al., 2008) and is close to 400 Mt. annually (Milliman and Meade, 
1983; Dadson et al., 2003). The sediment load can increase by over one 
order of magnitude during a TC if it coincides with EASM flows (Lee 
et al., 2015). The interaction of a TC and EASM flows slows the trans
lation speed of the TC, and this can result in unusually long residence 

times of TCs over Taiwan and an increase in the volume of precipitation 
on land (Chien and Kuo, 2011; Wu et al., 2011). In Taiwan, sediment 
loads depend on the timing of TCs relative to earthquakes and vary for 
each river system. Besides, the ability of TC-driven runoff to carry 
massive amounts of sediment, TCs themselves are more effective agents 
of erosion than annual mean rainfall-runoff (Janapati et al., 2019). Over 
the past 60 years, the amount of sediment supplied from Taiwan to its 
strait has increased (Horng and Huh, 2011) following the increased 
frequency of intense precipitation over the island enhanced by global 
warming (Liu et al., 2009). 

The strong and frequent seismic activity below and around Taiwan is 
the direct manifestation of the active collision between the Eurasian 
Plate and the Philippine Sea Plate (Lin, 2000). The regular earthquakes 
trigger landslides and supply a huge amount of material to the adjacent 
rivers. This large volume of sediment is exported to the ocean mainly 
during subsequent TCs (Dadson et al., 2004; Milliman et al., 2017; Chen 
et al., 2018b). The predominance of Taiwan-sourced sediments in the 
paleo-Taiwan Strait (i.e., the WFB) began following the emergence of 
the island during the early Pliocene (Hsieh et al., 2022), and remains 
until today (e.g., Horng and Huh, 2011); this suggests that during the 
late Pliocene to early Pleistocene Taiwan was the dominant sediment 
source to the WFB. 

3. Materials and methods 

3.1. Borehole data 

The data used in this study are GR records published in Lin et al. 
(2007; see Supplementary Materials) which were acquired from two 
boreholes drilled in the WFB, Taiwan (TCDP-A: 120.73916◦E, 
24.20083◦N, and HYS-1: 120.702024◦E, 24.399908◦N; Fig. 1A, F). 
Gamma-ray data are given in API (American Petroleum Institute) units 
with higher values being typical of mudstone-dominated strata which 
are normally enriched in uranium, thorium, and potassium-bearing 
minerals (e.g., Schlumberger, 1989). Conversely, lower GR values are 
typical of sandstone-dominated strata. A comparison of stratigraphic 
logs derived from core to GR records indicates that in general, mudstone 
is recorded by GR values higher than 105 API, heterolithic intervals 
(interbedded sandstone and mudstone) have values between 75 and 105 
API, and sandstone is lower than 75 API. Because GR logs robustly trace 
mudstone variability in the strata (Schlumberger, 1989) they can be 
linked to paleoenvironmental and paleoclimatic condition changes 
(Worthington, 1990; Baumgarten et al., 2015; Du et al., 2020; Read 
et al., 2020; Ulfers et al., 2021; Cao et al., 2022; Sinnesael et al., 2022; 
Ulfers et al., 2022). 

The stratigraphy in the two studied boreholes comprises (from base 
to top), the upper part of Kueichulin Fm, the Chinshui Shale, and the 
lower part of the Cholan Fm (see Lin et al., 2007). Formation boundaries 
were defined as follows: i) the Kueichulin Fm is sandstone-dominated 
and differs from the Cholan Fm by the absence of thick mudstone in
tervals, ii) the Chinshui Shale is recognized by large intervals (several 
tens of meters) of mudstone and by the absence of thick sandstone beds; 
and iii) the Cholan Fm is defined by thick (up to 70 m), quasi-cyclic 
intervals that comprise up to 10 m thick mudstone packages overlain 
by thick sandstone with limited bioturbation. In the GR record from well 
HYS-1, the Kueichulin-Chinshui and the Chinshui-Cholan limits are set 
at a depth of 1894 m and 1630 m, respectively (Fig. 1F). In the GR record 
from well TCDP-A, the Kueichulin-Chinshui and the Chinshui-Cholan 
limits are defined at a depth of 1300 m and 1013 m, respectively 
(Fig. 1F). 

3.2. Stratigraphy and time series analyses 

The astronomical tuning was built on the existing magneto
biostratigraphy for the WFB, which is widely applied. The Chinshui 
Shale is a temporally well-constrained mudstone-rich stratigraphic unit 
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that is used as marker in the WFB. The Chinshui Shale is clearly iden
tified in both TCDP-A, and HYS-1 (Lin et al., 2007) and the magneto
biostratrigraphy places the Gilbert-Gauss (~3.6 Ma) and Gauss- 
Matuyama (~2.58 Ma) polarity boundaries close to the base and top of 
the formation, respectively (Fig. 1B) (Chen et al., 1977; Chen et al., 
2001; Horng and Shea, 2007; Vaucher et al., 2021). Additional infor
mation and detailed correlation between TCDP-A, HYS-1 and a tempo
rally constrained co-eval outcrop can be found in Lin et al. (2007). Based 
on the time control points, the GR signals were tuned to the benthic 
foraminifera stable oxygen isotope (δ18O) record from the equatorial 
Atlantic dataset of Wilkens et al. (2017), which includes an established 
astronomically tuned time scale. The δ18O signal mainly represents 
global ice volume and deep-sea temperatures (Savin et al., 1975). 

The tuning of GR data to the δ18O record was applied to the GR re
cord from HYS-1 between 1900 and 1380 m depth (Fig. 2A), and in 
TCDP-A between 1285 and 710 m (Fig. 2B). The tuning of the GR to the 
δ18O record follows the arguments that mudstone-dominated intervals 
(high GR signals) are rich in clay minerals, and clay minerals are more 
likely to form and accumulate in i) warm and humid climates (e.g., Chen 
et al., 2020; Du et al., 2020), and ii) when sea level is high and coarse 
clastic material (i.e., sand) is trapped closer to the paleoshoreline 
(Catuneanu et al., 2011). Additionally, the Pliocene-to-Pleistocene 
transition records a global cooling condition associated with a rela
tively low sea level (e.g., Shackleton et al., 1990; Clark et al., 1999; 
Zachos et al., 2001), and this is represented in both GR records by a low- 
API (i.e., sandstone-rich interval; Fig. 2). Consequently, we tied the 
lowest GR signals in-phase to δ18O maxima (i.e., global cold phases and 
sea-level minima), and high GR (i.e., clay-rich intervals) intervals to 
δ18O minima (i.e., global warm phases and sea-level high-stands). Clay- 
rich intervals record times when fine clastic material is shed into more 
proximal positions. Finally, we also accounted for the increase in sedi
mentation rates upward through the Cholan Fm (Fig. 2F), which was 
previously mentioned in other studies (Chen et al., 1977; Chi and Huang, 
1981; Vaucher et al., 2021). 

To test the robustness of our tuning we assess the obliquity amplitude 
and its relation to orbital obliquity using the ‘TestTilt’ function in R. This 
method filters the record for obliquity, determines the obliquity 
amplitude, and then compares the data obliquity amplitude to the 
calculated obliquity index of Laskar et al. (2004). The method accounts 
for possible frequency modulation of the tuning process (Meyers, 2014; 
Zeeden et al., 2019; R Core Team, 2022). In order to assess the imprint of 
orbital forcing on the dataset, wavelet analysis was performed using the 
‘biwavelet’ R package (Gouhier et al., 2021; R Core Team, 2022). In 
addition, Taner filters for 41-kyr and 20-kyr cycles were applied to 
evaluate the individual effect of obliquity and precession forcing, 
respectively, using the ‘astrochron’ R package (Meyers, 2014; R Core 
Team, 2022). The tie points for tunning and R script are available as 
Supplementary Materials. 

4. Results 

4.1. Age model and sedimentation 

Our study focuses on the time interval covering the entire Chinshui 
Shale and the lower part of the Cholan Fm (Figs. 1 and 2). The tuning 
results of the GR dataset (Fig. 2A, B) to the δ18O record (Fig. 2C) reveal 
that the age of the studied interval spans from ~3.15 to ~1.95 Ma 
(Fig. 2D–F), and this allows us to refine the ages of the previously 
identified formation boundaries (Lin et al., 2007). The Chinshui- 
Kueichulin boundary is set here at 3.2 Ma and the Cholan-Chinshui at 
2.52 Ma (Fig. 2). Based on our age model from tuning (Fig. 2C–E), the 
sedimentation rate is calculated for shorter time intervals between the 
main tie points (Fig. 2F). The overall sedimentation rate decreased 
during deposition of the Chinshui Shale until the beginning of the 
Cholan Fm and then increased during the deposition of Cholan Fm 
(Fig. 2F). The trends in sedimentation are consistent between HYS-1 and 

TCDP-A. 
Testing for similarity between the orbital solution and data for 

obliquity amplitudes (of GR data, as well as the reference data used in 
our study) results in similar patterns for the early Pleistocene in both 
HYS-1 and TCDP-A records (see Fig. S1). This confirms that our time 
scale and its obliquity imprint are not random, but comparable on a 
scale of at least several 100 ka. The dissimilarity for the late Pliocene is 
due to a non-dominant obliquity forcing of the record, which is required 
for robust results of this method (Shackleton et al., 1995; Zeeden et al., 
2019). 

4.2. Astronomical forcing 

To assess orbital forcing trends in the dataset, we compared the 
tuned HYS-1 and TCDP-A records with astronomical parameters, 
including long- (~400 kyrs) and short-eccentricity (~100 kyrs), obliq
uity (~40 kyrs), and precession (~20 kyrs; Fig. 3A). Our wavelet anal
ysis indicates that short-eccentricity, obliquity, and precession cycles 
were recorded in both GR datasets (Fig. 3B, C). Several intervals of the 
HYS-1 dataset with relatively low sedimentation rates (~3–2.8 Ma, 
~2.55–2.4 Ma; Fig. 2D, F) show no variability at high frequencies in the 
wavelet analysis (Fig. 3B, C), which is an artefact of equally spaced 
sampling of the GR data in time. The absence of long-eccentricity may be 
due to the limited duration of the dataset. In HYS-1, short-eccentricity 
and precession mostly influence deposition during the late Pliocene 
(Fig. 3B). During the early Pleistocene, obliquity mainly influenced 
deposition recorded in HYS-1 and particularly from ~2.6 to ~2.45 Ma 
and from ~2.3 to ~2.15 Ma. Precession strongly influenced sedimen
tation in HYS-1 from ~2.3 to ~2.05 Ma (Fig. 3B). In TCDP-A short-ec
centricity is stronger during the late Pliocene, and its influence on the 
record is strongest from ~3.05 to ~2.75 Ma (Fig. 3C). The lower 
Pleistocene record in TCDP-A is dominated by obliquity, with maxima of 
its influence between ~2.6 to ~2.45 Ma and from ~2.3 to ~2.1 Ma 
(Fig. 3C). Precession also strongly affects the lower Pleistocene-aged 
TCDP-A records with its maximum influence between ~2.1 and ~2.2 
Ma (Fig. 3C). The time interval with the strongest precession influence 
observed in both HYS-1 and TCDP-A coincides with the stratigraphic 
interval tuned to the insolation curve (i.e., precession-dominated curve) 
elsewhere in the WFB (Vaucher et al., 2021). The obliquity amplitude 
(Fig. 3A) increases throughout the studied time interval and reach its 
maximum between ~2.6 to ~2.3 Ma; this also corresponds to a mini
mum in both eccentricity and precession (Fig. 3B, C). 

5. Discussion 

5.1. Stratigraphic completeness 

While autogenic and/or allogenic processes may affect the 
completeness of the sedimentary record of shallow-marine environ
ments (Barrell, 1917; Sadler, 1981; Paola et al., 2018), we argue that the 
selected study sites, HYS-1 and TCDP-A, provide a quasi-continuous 
record of paleoenvironmental and palaeoclimatological variability 
during the Plio-Pleistocene transition. Indeed, the stratigraphic record of 
the WFB is defined by high rates of sediment accumulation due to the 
fast growing orogenesis and the massive sediment supply from Taiwan 
(Chi and Huang, 1981; Chen et al., 2001; Lin et al., 2003; Nagel et al., 
2018; Vaucher et al., 2021). Consequently, it is reasonable to assume 
that the net accumulation of sediment is high enough to preserve past 
climate oscillations at least on orbital time scales (with rates of mostly 
~0.3–0.8 m/kyr) and at minimum on precession time scales (Figs. 2–4); 
this has been demonstrated both in the WFB for the time interval ~2.21 
to ~1.96 Ma (Vaucher et al., 2021), and in relatively comparable basinal 
settings under similar water depths (Naish et al., 1998; Marshall et al., 
2017). While we anticipate that the general trends of climate cycles 
variations are preserved and expressed in the stratigraphic record, we 
acknowledge that individual cycles might be incomplete especially in 
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Fig. 2. Astronomical tuning. The astronomical tuning and correlation of the gamma-ray data from (A) HYS-1 and (B) TCDP-A boreholes (Lin et al., 2007) with the (C) 
δ18O record from benthic foraminifera (Wilkens et al., 2017). The thick gray dashed line indicated the identified formation boundaries (Lin et al., 2007). The 
astronomically tuned GR data from (D) HYS-1 and (E) TCDP-A are use to calculate (F) sedimentation rate. Sedimentation rates are consistent between the two studied 
localities. They are also relatively stable throughout the deposition of the Chinshui Shale and it increases in the Cholan Formation. Astronomical tuning is use to 
define the Chinshui-Kuechulin boundary at ~3.2 Ma and the Cholan-Chinshui boundary at 2.52 Ma. 
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Fig. 3. Frequency analyses of the tuned dataset. (A) Astronomical solutions of the eccentricity, obliquity and precession indices for the studied time interval (Laskar 
et al., 2004). (B) Tuned and scaled gamma ray data from HYS-1 borehole with obliquity and precession filters, and its wavelet analysis. (C) Tuned and scaled gamma 
ray data from TCDP-A borehole with obliquity and precession filters, and its wavelet analysis. The thick gray dashed line indicates the boundary between the 
Chinshui Shale and the Cholan Formation. The dashed-dotted black line is the Pliocene-Pleistocene boundary at 2.58 Ma. Abbreviations: P: Precession; O: Obliquity; 
E: Eccentricity. Thick black lines on orbital periods correspond to those specifically mentioned in the text. Wavelet analysis: blue colors represent low spectral power; 
red represents high spectral power. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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sandstone (i.e., low GR) intervals. Nevertheless, the completeness of the 
stratigraphic record herein is supported by i) the similarity in trends 
between the benthic δ18O record (used as a tuning target) and the GR 
records from both studied intervals (Figs. 2 and 4), and ii) the robustness 

of the generated time scale and its orbital imprint (Fig. 3 and S1). Based 
on this, we propose that the shallow-marine stratigraphic record in the 
WFB preserves an exceptional late Cenozoic climate record. 

Fig. 4. Hydroclimate dynamics during the Plio-Pleistocene transition. (A) Oxygen isotope proxy data (in black) (Wilkens et al., 2017), (B) relative sea level (RSL; in 
dark blue) reconstruction (Berends et al., 2021), and (C) alkenone based sea-surface temperature (SST; in green) from the South China Sea (Li et al., 2011) are 
compared to the tuned gamma ray datasets from (D) HYS-1 (in orange) and (E) TCDP-A (in light blue) boreholes. The interval covers the late Pliocene to early 
Pleistocene and spans from 3.15 to 1.95 Ma. The thick gray dashed line indicates the identified formation boundary. The dashed-dotted black line represents the 
Pliocene-Pleistocene boundary set at 2.58 Ma. The dark blue dashed line highlights (B) the present-day value sea level (0 m). The green dashed line (C) corresponds to 
the temperature of 28.97 ◦C (Uk’37 = 1.0). The orange and light blue dashed lines in (D) and (E), respectively, indicate the GR limits for sandstone (s; < 75 API) and 
mudstone (m; > 105 API). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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5.2. Hydroclimate dynamics 

5.2.1. The late Pliocene 
During the late Pliocene (from 3.15 to 2.58 Ma; Fig. 4), both global 

sea level and sea-surface temperatures in the northwest Pacific show 
relatively limited change suggesting rather stable and warm climate 
conditions (Fig. 4B, C) (Li et al., 2011; Berends et al., 2021). At the same 
time, the GR records of HYS-1 and TCDP-A both show fluctuations 
(Fig. 4D, E) that correlate closely to the short-eccentricity and precession 
frequency bands (Fig. 3B, C). High GR responses mark muddier strati
graphic intervals and by assumption, correlate to warmer climate con
ditions (Figs. 3B, C and 4D, E). During the late Pliocene, the global sea 
level and sea-surface temperatures in the northwest Pacific show limited 
variability (Fig. 4B, C), while both tuned GR datasets depicted high- 
frequency cyclic changes (Fig. 4 D, E). 

The thick interval of fine-grained sediments (i.e., mudstone-rich) 
deposited in the WFB during the late Pliocene is typical for most 
offshore environments (e.g., Catuneanu et al., 2009; MacEachern et al., 
2012). However, cyclic sandier intervals in the offshore could reflect 
either shoreline progradation (and associated sediment bypass into 
deeper water) or changes in the nature of sediment exported from land 
to sea (e.g., Burgess and Prince, 2015). Four parameters must be 
considered in determining whether sea level or sediment supply is the 
main driver of the observed finer-to-coarser depositional cycles during 
the late Pliocene Chinshui Shale. First, paleoenvironmental re
constructions of the Chinshui Shale suggest that sea level was relatively 
high and stable throughout its deposition, and water depths estimated 
for the studied locations are ≥35 m without evidence of significant 
shoreline migration (Nagel et al., 2013). Second, the land-to-ocean 
sediment transfer from Taiwan during the late Pliocene was compara
ble to present-day conditions (Dashtgard et al., 2021; Hsieh et al., 2022; 
Huang et al., 2022; Nayak et al., 2022). Third, a higher flux of sediment 
correlated to the increased frequency of intense rainfall over the past 
decades is monitored in the Taiwan Strait and is likely due to increasing 
temperature (Liu et al., 2009; Horng and Huh, 2011). Fourth, the EASM 
is mainly driven by changes in low-latitude insolation controlled by 
changes in eccentricity-modulated precession (Gai et al., 2020; Liu et al., 
2021). Taking into consideration the current climatic conditions 
affecting Taiwan, we suggest that the finer-to-coarser depositional cy
cles preserved in our GR dataset relate mostly to the interactions be
tween EASM strength and TC activity recorded in offshore settings 
during the studied time interval and probably do not reflect solely sea- 
level fluctuations. The interactions between the EASM and TCs varied 
in intensity via orbital forcing and drove changes in the type and volume 
of sediment exported from Taiwan into the paleo-Taiwan Strait (i.e., the 
WFB). 

We posit that the finest grained sediment deposited during the late 
Pliocene is linked to enhanced EASM and TC activity. Increased EASM 
and TC activity was probably due to the El Niño conditions that pre
vailed at that time (Camargo et al., 2007; Zhang et al., 2018; Shao et al., 
2020; Kaboth-Bahr and Mudelsee, 2022), which resulted in increased 
erosion of rapidly uplifting and poorly-consolidated mudstone; these 
sediments were subsequently exported into offshore environments. 
Additionally, the positive feedback of TC activities enhancing El Niño 
conditions (Wang et al., 2019) might have reinforced the impacts of the 
EASM. Despite periods of weaker EASM in the late Pliocene, tempera
tures in the northwest Pacific remain above the threshold limit for the 
formation of TCs (26.5–27.0 ◦C; Fig. 4C) (Tory and Frank, 2012). After 
relatively protracted periods of intense EASM-TC activity, probably 
most of the fine-grained material available in river catchments (domi
nantly clay-rich sediment) was exported into the adjacent seas. 
Enhanced runoff during peaks of the EASM-TC is also supported by the 
fact that deposited muddier intervals are always thicker than sandier 
intervals (Fig. 2A, B). This repeated massive export of mud from the 
hinterland into offshore environments of the paleo-Taiwan Strait could 
be similar to periods subject to frequent system-clearing events 

(Jerolmack and Paola, 2010), the latter of which are also recorded in 
natural systems during catastrophic floods occurring over several 
thousand years (Chen et al., 2018a). Even if we cannot entirely exclude 
small amplitude sea-level fluctuations to explain some sandier (and 
potentially shallower) intervals (e.g., at ~2.7 and ~2.8 Ma; Fig. 4), we 
propose that sandier intervals correspond to cooler periods during which 
the recovery phase of Taiwanese watersheds occurred. In addition, during 
relatively cooler periods, the climate becomes drier, and vegetation 
might have been reduced, promoting physical erosion of bedrock in the 
hinterland of Taiwan. Consequently, sandier sediment becomes more 
available in the watersheds to be exported by TCs during periods of 
weaker EASM, and these eroded sands were deposited in offshore 
environments. 

5.2.2. The early Pleistocene 
During the early Pleistocene (from 2.58 to 1.95 Ma; Fig. 4), global 

sea level and regional sea-surface temperatures were significantly more 
variable than during the late Pliocene (Fig. 4B, C). At the same time, 
Taiwan's westward migration continued, which is expressed by the 
shallower depositional environments of the Cholan Fm compared to the 
Chinshui Shale (Fig. 1B, C). Eustatic sea-level variations during the early 
Pleistocene show amplitudes of 25–50 m (Fig. 4B) (Berends et al., 2021), 
and sea-surface temperatures in the northwest Pacific fluctuated be
tween 26 ◦C and 29 ◦C but with an overall decreasing trend (Fig. 4C) (Li 
et al., 2011). The two GR datasets also present similar trends to those 
depicted by sea level and sea-surface temperatures (Fig. 4D, E), sug
gesting that uplift and westward migration of the Taiwan orogen did not 
significantly affect the preservation of climate signals. The variability in 
GR responses in HYS-1 and TCDP-A correlate dominantly to obliquity 
and precession cycles in the upper Chinshui Shale–lower Cholan Fm and 
between ~2.7 and ~1.95 Ma (Fig. 3B, C). Towards the Plio-Pleistocene 
boundary, sandstone intervals become more pronounced than during 
the late Pliocene. This could mean more intense EASM and TC activity; 
however, the general cooling trend at the time (Shackleton et al., 1990; 
Clark et al., 1999) alongside the shift towards more permanent La Niña 
conditions in the northwest Pacific (Kaboth-Bahr and Mudelsee, 2022) 
does not support this as TCs were weaker in intensity (Camargo et al., 
2007). Alternatively, the intensification of the ice-sheet cover in the 
Northern Hemisphere and its related glacial cycles are more likely to 
have driven sandstone deposition during periods of low sea level. 

Between ~2.6 and ~2.3 Ma, the precession/eccentricity cyclicity 
decreases towards its weakest amplitude while obliquity shows a higher 
amplitude (Fig. 3A). Such a scenario is reflected in both GR datasets with 
a dominant obliquity signal during this time interval (red colors at ~40 
kyr period in Fig. 3B, C). We note that the average calculated sedi
mentation rate is higher from 3.15 to 2.6 Ma and from 2.3 to 2.1 Ma 
(Fig. 2F) than it is from 2.6 to 2.3 Ma, the latter of which coincides with 
the obliquity maxima (Figs. 3 and S1). The decrease in the eccentricity/ 
precession signal amplitude between 2.6 and 2.3 Ma would have 
reduced low-latitude insolation which would lower EASM and TC ac
tivities. In turn, lower EASM and TC activity would decrease the sedi
ment supply resulting in a reduced sedimentation rate (Fig. 2F). While 
low-latitude forcing driven by eccentricity-modulated precession is 
weakened between 2.6 and 2.3 Ma, this condition allowed for an 
increasing influence of obliquity forcing on the system. Still, it remains 
unclear whether obliquity drove high- or low-latitude forcing. Obliquity 
is responsible mainly for modulation of insolation received at high lat
itudes and resulting from the growth and decay of ice sheets; this leads 
to quasi-cyclic sea-level fluctuations (Milankovitch, 1941; Shackleton, 
1967; Hays et al., 1976). However, obliquity fluctuation can directly 
affect low-latitude climate without high-latitude ice sheet fluctuations 
solely by changes in the cross-equatorial insolation gradient (Bosmans 
et al., 2015; Liu et al., 2015). While we cannot exclude a low-latitude 
obliquity influence on the studied interval, the lower Pleistocene 
Cholan Fm, which was deposited at water depths between ~50 and ~15 
m, shows multiple periods of shoreline migration (Covey, 1984; Chen 
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et al., 2001; Nagel et al., 2013; Pan et al., 2015; Vaucher et al., 2021). 
Therefore, the hypothesis of obliquity-induced ice-sheets fluctuation (i. 
e., high latitude climate forcing) is preferred. 

Sea-surface temperature and sea-level reconstructions show the same 
trend of “cooling and sea-level drop” during the early Pleistocene 
(Fig. 4). These fluctuations probably result from the development of the 
Northern Hemisphere ice sheets (Shackleton et al., 1990; Clark et al., 
1999) with glacial-interglacial periods that translate into quasi-cyclic 
sea-level fluctuations (Milankovitch, 1941; Shackleton, 1967; Hays 
et al., 1976). These cycles are commonly interpreted during the early 
Pleistocene (based on the 41-kyr duration of cycles depicted by fora
miniferal δ18O) to be driven by Earth's obliquity (Raymo and Nisan
cioglu, 2003; Lisiecki and Raymo, 2005; Huybers, 2006; Raymo et al., 
2006; Lisiecki and Raymo, 2007; Tabor et al., 2015). However, this 
interpretation has been challenged recently by additional evidence of 
considerable precession contribution to glacial-interglacial cycles 
induced by variations in summer insolation received in the Northern 
Hemisphere (Liautaud et al., 2020; Vaucher et al., 2021; Barker et al., 
2022). Given the orbital forcing (Figs. 3 and 4), we propose that the 
fluctuations observed in both GR datasets between ~2.6 and ~2.3 Ma 
reflect mainly obliquity-dominated sea-level changes and the variations 
observed in the GR values between ~2.3 and ~1.95 Ma probably record 
sea-level variations paced by precession. The dominance of precession 
signals was demonstrated previously in coeval strata in the WFB albeit 
for a shorter interval (Vaucher et al., 2021). In turn, the absence of 
precession-paced sea level in the global sea-level reconstruction 
(Fig. 4B) is potentially caused by these being based mainly on δ18O of 
benthic foraminifera from deep sea settings (Berends et al., 2021). 

6. Conclusion 

We analyzed gamma-ray data from two boreholes through shallow- 
marine strata of the Western Foreland Basin, Taiwan. The gamma-ray 
records span from ~3.15 to ~1.95 Ma, and from these data we assess 
hydroclimate dynamics in the northwest Pacific. Our study indicates 
that the late Pliocene stratigraphic record is probably dominated by a 
complex interaction between the East Asian Summer Monsoon and 
tropical cyclones, which were forced mainly by low-latitude insolation 
in response to eccentricity-modulated precession. This low-latitude 
climate forcing led to a period of massive export and deposition of 
mudstone in the basin, which was punctuated by recovery phases of 
Taiwanese watersheds. The early Pleistocene record is dominated by 
sea-level fluctuations driven by glacial-interglacial cycles (high-latitude 
climate forcing), which are mainly paced by obliquity (~2.6 to ~2.3 
Ma) and then precession (~2.3 to ~1.95 Ma). The Plio-Pleistocene 
shallow-marine strata of the Western Foreland Basin allow for the dif
ferentiation between high- and low-latitude climate forcing in the 
northwest Pacific and reveal a more complex story of past hydroclimate 
dynamics that traditional climate archives typically capture. 
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