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The relationship between silicate weathering, Tibetan Plateau uplift, and global cooling
during the Cenozoic provides a valuable case study for understanding the interaction of
tectonics and climate. The Tibetan Plateau uplift is considered to have caused Cenozoic
cooling via the atmospheric CO, drawdown by increased silicate weathering. However,
this hypothesis has been intensively debated over the past few decades due to the lack of
complete silicate weathering records from the continental interior, which can directly track
the effects of uplift on weathering. We provide the first complete long (past 53 Myr)
continental silicate weathering record from the NE Tibetan Plateau, combined with a
comprehensive analysis on its evolution pattern, critical transitions, and associated driving
forces. The silicate weathering intensity in NE Tibet is characterized by a long-term
Paleogene decrease, modulated by global cooling, and a Neogene increase that may
be related to the East Asian summer monsoon (EASM) intensification. Three major system
transitions in regional silicate weathering are identified at ~26-23 Ma, ~16 Ma and ~8 Ma,
which are linked to enhanced EASM forced primarily by tectonic uplift at these intervals,
with some surbordinate influences from global climate at ~16 Ma. We also capture an
intensification of the 100-kyr cycle at ~16 Ma and ~8 Ma in the obtained silicate weathering
record, which is in coincidence in time with the enhancement of the EASM. This might
suggest some contribution of the Antarctic ice sheets on modulating the regional silicate
weathering in the NE Tibetan Plateau on a timescale of 10°-10° years, through its
influences on the EASM as proposed by previous studies.

Keywords: Cenozoic, chemical weathering, tectonic uplift, global cooling, Asian monsoon, clay mineral, Antarctic
ice sheets, eccentricity cycle

INTRODUCTION

Continental silicate weathering plays a critical role in stabilizing Earth’s climate system and
habitability in the long term (Walker et al., 1981). Cenozoic uplift of the Himalaya-Tibetan
Plateau was suggested to have caused global cooling via the weathering of fresh silicate minerals
(Raymo and Ruddiman, 1992). Over the past few decades, numerous studies have attempted to
validate the evidence chain of the uplift-weathering hypothesis in diverse ways (e.g., Richter
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et al., 1992; Kump and Arthur, 1997; Blum et al., 1998; Misra
and Froelich, 2012; Maher and Chamberlain, 2014; Lenard
et al., 2020), in the course of which several new hypotheses
have been proposed (e.g., France-Lanord and Derry, 1997;
Caves Rugenstein et al., 2019; Guo et al., 2021). Long-term
seawater Sr, Li, Os, Mg, and Be isotope records (Peucker-
Ehrenbrink et al, 1995; McCauley and Depaolo, 1997;
Willenbring and Von Blanckenburg, 2010; Misra and
Froelich, 2012; Higgins and Schrag, 2015; Paytan et al,,
2021) provide constraints on the delivery of continentally-
derived elements to the ocean, which is related to global
continental silicate weathering. However, due to the lack of
complete Cenozoic silicate weathering records from the
Himalaya-Tibetan Plateau, the role of tectonic forcing of
the global climate system remains unclear.

The thick and continuous sequence of fluvial-lacustrine
sediments in the NE Tibetan Plateau that have accumulated
since the early Eocene is a rich source of information on the
history of plateau uplift and climate change in the Asian interior
(Fang et al., 2019a). This sedimentary archive can provide a
continuous record of the response of silicate weathering to the
weak uplift of the NE Tibetan Plateau during the Paleogene and
rapid uplift during the Neogene (Tapponnier et al., 2001; Yang
et al, 2021a). During the past decade, multiple long-term
records of silicate weathering history have been acquired
from the NE Tibetan Plateau and the adjacent Chinse Loess
Plateau, based on element ratios (Song et al., 2013; Sayem et al.,
2018; Bao et al., 2019; Ren et al., 2020) and clay minerals (Zhang
and Guo, 2014; Sun et al., 2015; Zhang C. et al., 2015; Fang et al.,
2016a; Song B. et al., 2018; Song Y. et al., 2018; Ye et al., 2018;
Fang et al., 2019b; Liu et al., 2019; Yang et al., 2019; Liu et al.,
2020; Ye et al,, 2020; Yang et al., 2021b; Zhao et al., 2021).
However, the available silicate weathering records from the
region are fragmentary because they are derived from diverse
time intervals from multiple sections/basins, and they lack
comparability due to the use of different elements and
minerals. Therefore, a long and continuous weathering
record based on a consistent methodology is needed to
elucidate the temporal evolution of regional silicate
weathering and the controlling mechanisms.

Silicate weathering in the upper continental crust involves the
removal of base cations such as Ca, Na, K, and Mg and the
concomitant formation of clay minerals (Nesbitt and Young,
1982). There is a substantial sorting effect on element abundances
in sediments (Guo et al., 2018), although its impact on the relative
contents of clay minerals in the clay fraction of sediments can be
largely eliminated. Here, we present the first continuous record of
long-term Cenozoic silicate weathering intensity (SWI) history
from the NE Tibetan Plateau, based on a compilation of clay
mineral data from previously published records, supplemented by
new data acquired in this study. The observed decrease in SWI in
the Paleogene and increase in the Neogene were modulated by a
cooling global climate and by a rise in regional monsoon rainfall,
respectively. Additionally, three major transitions, at ~26-23 Ma,
~16 Ma, and ~8 Ma, represent enhancements of the East Asian
summer monsoon (EASM) together with an intensified 100-kyr
eccentricity cycle.

Cenozoic Asian Inland Silicate Weathering

MATERIALS AND METHODS

The NE Tibetan Plateau consists of complexly deformed terranes.
Crystalline basement in the NE Tibetan Plateau is composed of
the Qilian Shan and East Kunlun-Qaidam terranes (Figure 1B),
which are Proterozoic and Paleozoic assemblages accreted to the
Tarim and Sino-Korean cratons during Paleozoic-early Mesozoic
closure of the Tethys Ocean (Yin and Harrison, 2000; Bush et al.,
2016). To the north-northeast, the Qilian Shan located along the
northeastern margin of the Tibetan Plateau (Figure 1B), has
provided the primary source area for late Cenozoic fluvial-
lacustrine rocks in adjacent drainage basins and eolian
sequences in the downwind region, e.g., the Chinese Loess
Plateau (Chen and Li, 2013; Pullen et al., 2021). The Qilian
Shan has experienced multiple episodes of tectonic deformation,
including Neoproterozoic continental breakup, early Paleozoic
subduction and continental collision, Mesozoic extension, and
Cenozoic intracontinental orogenesis resulting from the India-
Asia collision (Zuza et al., 2018). To the south, the northern part
of the Eastern Kunlun-Qaidam terrane is mostly occupied by the
Qaidam basin. The south part of the Eastern Kunlun-Qaidam
terrane is dominated by a broad Early Paleozoic arc, on which a
younger and narrower Late Permian to Triassic arc was
superposed (Yin and Harrison, 2000). The East Kunlun Shan
was assumed to provide an important source area for early
Cenozoic fluvial-lacustrine sediments in adjacent drainage
basins resulting from the India-Asia collision (Clark et al,
2010; Wang et al., 2017; Yang et al,, 2021a).

Given the complex geological setting in such a broad region of
the NE Tibetan Plateau, comparability between clay mineral
records based on semiquantitative identification methods is
needed to be considered firstly for a synthesis of clay mineral
records from diverse locations and time intervals. Therefore, we
used clay mineral data derived using the same sample pre-
treatment procedure (to obtain the clay component) and a
consistent semiquantitative identification method based on
X-ray diffraction (Supplementary Figure S1) to provide the
necessary methodological consistency. The pre-treatment and
identification methods were clearly stated in Fang et al. (2019b).
In our compilation, including previous and new data, illite/
smectite (I/S) mixed-layer clays and the percentage of smectite
layers in it were identified, because both of them are useful
indicators of diagenetic impact in old sedimentary sequences
(e.g., Weaver, 1984).

A clay mineral assemblage, the smectite/(illite + chlorite) ratio,
was used as an indicator of SWI because of its demonstrated
effectiveness as a weathering index in North China in modern
and Cenozoic contexts (Fang et al., 2019b; Yang et al,, 2021b). In
the Cenozoic sections of the region, clay minerals are mainly
composed of abundant I/S mixed-layer clays and illite, with
minor smectite, kaolinite, and chlorite (Supplementary Figure
S1). I/S mixed-layer clays with varying proportions of smectites
layers in different sections (Supplementary Datasets S1-S3) are
mostly transitional products of smectite alteration during burial
or illite weathering products in catchment weathering (Chamley,
1989; Weaver, 1989). Here, we did not try to distinguish the
formation mechanism of the I/S mixed-layer clays because both
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FIGURE 1| Cenozoic silicate weathering history in the NE Tibetan Plateau (A-B) Map of the NE Tibetan Plateau showing site locations (C) Compiled (I/S mixed layer
+ smectite)/(illite + chlorite) ratio from the ten studied sections. The red lines show the results of locally-weighted scatterplot smoothing (LOWESS, smoothing factor 0.1)
and the corresponding uncertainty envelope (D) Benthic oxygen isotope record (Westerhold et al., 2020) (E) Proxy-based atmospheric CO, content (Foster et al., 2017).
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formation mechanisms point to an enhanced chemical
weathering intensity in a relatively temperate-humid setting
(Chamley, 1989), which is in contrast to the dominant
occurrences of illite and chlorite in an arid and cold setting
with a weakened chemical weathering intensity. We here used the
(I/S mixed layer + smectite)/(illite + chlorite) ratio to represent
paleo-weathering conditions. The total content of I/S mixed-layer
clays, smectite, illite and chlorite comprises up to ~90% of the clay
fraction (the remanent is minor kaolinite). Thus, we regard the (I/
S mixed layer + smectite)/(illite + chlorite) proxy as the best
candidate for tracing SWI at a regional scale.

The integrated dataset is based on sedimentary sequences
from the sedimentary basins in NE Tibet: the Qaidam Basin

(HLG section, 53-26 Ma, Fang et al, 2019b; core SG-1b,
7.3-1.6 Ma, Fang et al., 2016a; core SG-1, 2.8-0.1 Ma, Li M.
et al,, 2018), Xining Basin (X] section, 51.5-26 Ma, Fang et al,,
2019b; MJZ section, 12.8-5.3 Ma, Yang et al., 2019), Linxia Basin
(upper HLD section, 12.2-1.8 Ma, Yang et al., 2021b), Jiuquan
Basin (LMS and SY]J sections, 23.4-0.1 Ma, Liu et al., 2020), and
the eastern Chinese Loess Plateau (CN eolian section, 6.2-0.1 Ma,
Yang et al, 2021b). The clay data from the ten sections were
collected in various sediment facies, such as fluvial-lacustrine
facies and eolian deposits. The distinct sedimentary facies with
different coarse-fine lithologies indicates a varying degree of
sorting during transport. However, because our clay data are
all from clay-sized fractions of samples, and we use the clay
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mineral ratio (I/S mixed layer + smectite)/(illite + chlorite) rather
than clay content to represent paleo-weathering conditions, the
sorting effect on the proxy reliability could be greatly eliminated.

To address the problem of a low temporal resolution between
26 Ma and ~13 Ma (only 19 data values from the Jiuquan Bain),
we obtained 387 new clay mineral data in this study
(Supplementary Datasets S1-S3), including from the HZ core
corresponding to the lower HLD section (228 samples,
23.3-12.3 Ma, Fang et al, 2016b) in the Linxia Basin, the
upper X]J section (67 samples, 26-16.5 Ma; Dai et al., 2006)
and the TS core at the top of the X]J section (92 samples,
18.4-13.8 Ma; Zan et al., 2015) from the Xining Basin. A total
of 1,861 clay mineral data were obtained from these tine sections
(see Figure 1 for site locations), based on precise
magnetostratigraphic age control spanning the interval from
53 Ma to the present (Supplementary Dataset S4), with a
mean temporal resolution of ~28 kyr.

In order to show the long-term trend of the clay data, we used
the locally weighted polynomial regression (LOESS, Cleveland
and Devin, 1988) of the (I/S mixed layer + smectite)/(illite +
chlorite) series with a smooth factor of 0.1. For a clay data point, a
subset of the data around the data can be used with more weight
to points near the data point and less weight to points further
away. The smooth factor is the fraction of the total number of
data points that are used in each local fit. A smooth factor of 0.1 is
thus suitable to produce a curve that describes the deterministic
part of the variation in the clay data on a scale of several
million years.

In order to detect possible nonlinear dynamical transitions in
the SWI record, and to facilitate an evaluation of the underlying
regulating driving mechanism(s), we performed recurrence
analysis.  Recurrence  analysis  provides independent
information about nonlinear dynamics, dynamical transitions,
and even nonlinear interrelationships (Marwan et al., 2007). In a
recurrence analysis plot, the recurrence analysis results identify
the extent to which the silicate weathering system can ‘repeat’
itself, in which periodic processes are evident as a dark-shaded
area on the plot (longer lines and less single or isolated recurrence
points), whilst chaotic/stochastic fluctuations (less predictable)
are evident as an unshaded area (very short lines or isolated
recurrence points), and the transition between different states
captures important regime changes.

RESULTS

The synthesized SWI curve for the NE Tibetan Plateau displays
several noteworthy features. First, the clay mineral records from
the ten sections spanning a broad region (92°-107°E, 35°-40°N)
can be readily overlapped and show consistent trends
(Figure 1C). These observations confirm the validity of using
the records to produce a synthesis SWI for the region. The
Jiuquan Basin data for ~10-23 Ma have much higher (I/S
mixed layer + smectite)/(illite + chlorite) ratios than the
records from the Xining and Linxia Basins, but the low-
resolution Jiuquan Basin data do not affect the general long-
term trend of the SWI, as shown by a LOESS fitted data

Cenozoic Asian Inland Silicate Weathering

(Supplementary Figure S2). This suggests that the long-term
SWI trend is little influenced by several extreme values. Second,
the SWI for the Paleogene shows a long-term decrease, which is
similar to the long-term Paleogene global cooling trend
(Figure 1D), within the context of relatively high atmospheric
CO; concentrations (Figure 1E). Third, the SWI for the Neogene
is substantially increased and shows a different evolutionary
pattern from that of the global climate, within the context of
generally low atmospheric CO, levels (Figure 1). The SWI rises
gradually from ~23 Ma, and there is a subsequent rapid and
moderate rise after ~16 Ma, followed by a distinct decrease at
~4-3 Ma.

DISCUSSION

Reliability of Clay Mineral Assemblages as a

Silicate Weathering Indicator

Authigenic and diagenetic clays can bias the weathering
significance of clay mineral assemblages. Previous studies have
demonstrated that authigenic clay mineral formation is rare in
riverine and lake systems (e.g., Fang et al., 2019b; Yang et al,
2019). Although we assume that the I/S mixed-layer clays are
partially a diagenetic product of smectite, the impact of diagenesis
on the (I/S mixed layer + smectite)/(illite + chlorite) ratio is
insignificant. Burial diagenesis can lead to a transformation of
smectite to illite with the rise in temperature and pressure caused
by the rise of the burial depth. A classical diagenetic trend is the
occurrence of a high proportion of illite in I/S mixed-layers and
an increasing illite content with depth (Weaver, 1984), resulting
in a low (I/S mixed layer + smectite)/(illite + chlorite) ratio in
older samples. However, this pattern is contrary to the SWI curve,
which shows high (I/S mixed layer + smectite)/(illite + chlorite)
ratios in the older samples. Therefore, we consider that the clay
minerals in our records are dominated by the erosion and the
weathering of bedrock, not by diagenesis.

The input of recycled clays with rapid exhumation could
also result in a misinterpretation of the weathering significance
of clay mineral assemblages. In contrast to smectite, illite and
chlorite are common constituents of older sediments due to
their stability during burial (Chamley, 1989). They are also the
physical product of magmatic or metamorphic rocks because
physical weathering can result in mica exfoliation, feldspar
sericitization and silicate chloritization in such rocks
(Chamley, 1989). Recycled illite and chlorite following uplift
and exhumation should thereby be considered. Our clay
mineral data are from the ten sections in diverse local
settings. Both the recycled clay input and the potential
impact of rapid tectonics-driven erosion in each section
could be related to the sedimentation rate change in each
section. Plots of the sedimentation rates of the ten sections
were estimated from their age-depth (thickness) relationship
(Figure 2B). The sedimentation rates vary from <10 to 500 m/
Ma, and there are distinct patterns of variation between
sections, which may be caused by local depositional
histories. ~The variable and complex pattern of
sedimentation rates among the sections contrasts with the
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FIGURE 2 | Cenozoic silicate weathering history in the NE Tibetan Plateau and its comparison with proveannce, erosion and tectonic records (A) Compiled (I/S
mixed layer + smectite)/(illite + chlorite) ratio (B) Sedimentation rates of the study sections (Xining Basin: XJ section, Dai et al., 2006; TS core, Zan et al., 2015; MJZ
section, Yang et al., 2017; Qaidam Basin: SG-1 core, Zhang et al., 2012; SG-1b core, Zhang et al., 2014; HLG section, Fang et al., 2019b; Linxia Basin: HLD section and
HZ core, Fang et al., 2016; Jiuguan Basin: LJM section, Fang et al., 2005; SYJ section, Song, 2006; Chinese Loess Plateau: CN section, Song et al., 2001) (C)
Average accumulation rate in Central Asian basins (Métivier et al., 1999) (D) Average shortening rate in the Qaidam Basin (Bao et al., 2017) (E) Nd isotope of
decarbonated bulk sediments from the Xining and Linxia Basins (He et al., 2019; Yang et al., 2021a) (F) Convergence rates between India and Eurasia (Lee and Lawver,
1995; Molnar and Stock, 2009; van Hinsbergen et al., 2011).

Furthermore, an intense erosion is expected to result in a lower
degree of weathering and thus the formation of illite- and
chlorite-rich weak alteration products of silicate minerals (e.g.,

generally consistent trends of the (I/S mixed layer + smectite)/
(illite + chlorite) ratios, suggesting a limited impact of local/
regional erosion and recycled inputs on the SWI curve.
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Yangetal., 2021b; Song et al., 2021). The gradual increase in basin
sedimentation flux of basin in Central Asia (Figure 2C, Métivier
etal, 1999) and in the Qaidam Basin (Figure 2D, Bao et al., 2017)
since the late Oligocene-early Miocene thus implies an enhanced
regional erosion. The inferred strong erosion is opposite to the
increase in (I/S mixed layer + smectite)/(illite + chlorite) ratio
since then, thus precluded a major impact of rapid erosion on the
silicate weathering intensity.

Provenance is an essential factor that could influence clay
mineral assemblages. Despite the complex tectonic evolution of
the NE Tibetan Plateau, the Eocene red mudstone intercalated
with layers of gypsum, which was assumed to be aeolian dust,
showed an identical provenance with the Quaternary loess (Licht
et al., 2016). Because the NE Tibetan Plateau was the primary
source for such eolian materials during the Paleogene and
Neogene (Chen and Li, 2013; Nie et al., 2015; Licht et al,
2016; Pullen et al., 2021), the stable aeolian provenance
probably suggests a relatively stable provenance for fine-
grained detritus from the NE Tibetan Plateau (Figure 2E;
Yang et al., 2021a). Sediment Nd isotope is useful to indicate a
change in provenance linked to the mean age of the provenance
and its crust/mantle affinity (e.g., McLennan et al., 1993). The exq
(0) values in the Xining Basin and Linxia Basins range from —8.5
to 12.5 (Figure 2E), which are close to the typical felsic upper
continental crust (e.g, McLennan et al, 1993). Nd isotope
variations were thought to have been caused by the northward
growth of the northern Tibetan Plateau; that is, the uplift and
exhumation of the East Kunlun Shan/Songpan-Ganzi terrane
since ~42 Ma, and the enhanced exhumation of the Qilian Shan
~25Ma (Yang et al, 2021a). Such changes in sediment
provenance in the NE Tibetan Plateau are generally consistent
with the decrease in the convergence rate between India and
Eurasia (Figure 2F), thus suggesting a two-stage northward
growth of the northern Tibetan Plateau (Yang et al., 2021a).
However, the provenance change cannot explain the variations in
the SWI, for the following reasons. First, at a regional scale, the
main parent minerals of newly-formed clays (e.g., feldspars and
micas) are widespread in various lithologies of the upper
continental crust. Second, a detailed study of the MJZ section
in the Xining Basin demonstrated that the (I/S mixed layer +
smectite)/(illite + chlorite) ratio is relatively uninfluenced by the
provenance (Yang et al., 2019).

Besides, remote aeolian input could also result in provenance
change because we cannot exclude the potential remote dust
input from the Central Asian Orogenic Belt into the NE Tibetan
Plateau during the late Cenozoic Asian dust expansion periods.
The Central Asian Orogenic Belt is composed of young
dominantly mantle-derived volcanic and plutonic rocks,
showing a distinct provenance regime with less negative exgq
(0) values compared with the North Tibetan Plateau (Yang
et al,, 2021a). Clay-sized mineral and elemental records in the
Jiuquan Basin in the northern Qilian Shan indicate that a large
amount of aeolian dust input from the Tianshan-Altay Orogens
into the Jiuquan Basin at ~9-8 Ma (Yang et al., 2021c). However,
such remote aeolian input may less alter our main conclusion.
First, the great expansion of Asian dust from Tianshan-Altay
Orogens was initiated in the late Miocene. Second, the high

Cenozoic Asian Inland Silicate Weathering

contents of illite and chlorite input from arid central Asia are
consistent with the general drying with weakened silicate
weathering in the northern Tibetan Plateau (Liu et al., 2020).

Regional Weathering History and Major

Transitions

After excluding the potential impacts of authigenic, diagenetic
and recycled clays, and rapid erosion and provenance effects, we
interpret the long-term evolutionary trends of the SWI records to
be caused mainly by climatic factors. Global climate change is the
first such factor to be addressed. Cooling is assumed to be the
dominant factor regulating the variation of the SWI in NE Tibet
during the Paleogene (Fang et al, 2019b). The regulatory
mechanisms include the direct impact of temperature on
silicate weathering reactions by the Arrhenius law and the
supply of moisture from the Paratethys Sea by the Westerlies,
modulated by the global temperature regime (Fang et al., 2019b).
The significant negative correlation between the (I/S mixed layer
+ smectite)/(illite + chlorite) ratio and the benthic §'*0 record
(Westerhold et al., 2020) during the interval of 53 to ~26-23 Ma
(53-26 Ma, r = —0.88, p < 0.0001, Figure 3A) supports the
dominant control of Paleogene cooling on long-term regional
weathering and climate in the NE Tibetan Plateau. This is also
supported by other studies showing that Paleogene cooling
modulated regional aridity within the NE Tibetan Plateau (Li
J. X.etal., 2018; Sun et al., 2020). Additionally, after ~4-3 Ma the
(I/S mixed layer + smectite)/(illite + chlorite) ratio and the
benthic §'®0 record are also negatively correlated (r = -0.97,
p < 0.0001), similar to the relationship before ~26-23 Ma
(Figure 3A), which also indicates the predominant control of
global cooling on Northern Hemisphere climate, in an Icehouse,
on regional weathering in the NE Tibetan Plateau.

However, the correlation between the (I/S mixed layer +
smectite)/(illite + chlorite) ratio and the benthic §'®0 record
(Westerhold et al., 2020) after ~26-23 Ma is inconsistent,
showing a ‘looped’ pattern until ~4-3 Ma with an overall
positive correlation (26-3.3 Ma, r = 0.68, p < 0.0001), which
differs from the previous roughly negative relationship
(Figure 3A). This looped’ pattern implies an emerging driving
factor that was different from the global climate state that
regulated the regional SWI after ~26-23 Ma. To further
analyze the changes in the relationship between the SWI and
the global §'%0 record, we performed the recurrence analysis. The
recurrence plot of (I/S mixed layer + smectite)/(illite + chlorite)
ratio reveals three distinct system transitions within the SWI
record: at ~26-23 Ma, ~16 Ma and ~8 Ma (Figure 3B, indicated
by red arrows). At each section, the three transitions mark the
onset of an enhanced SWI: for example, in the Jiuquan, Xining
and Linxia Basins at ~23-21 Ma and ~16 Ma, and in the Linxia
Basin at ~8 Ma (Figure 2A). It should be noted that ~8 Ma
corresponds to the onset of an enhanced SWI in the Linxia Basin
(Yang et al, 2021b) and the Chinese Loess Plateau (Sun et al.,
2015); while due to mountain uplift in NE Tibet, the rain-shadow
effect led to a weakened SWI in the Xining and Jiuquan Basins
(see the detailed discussion in Yang et al., 2021b). Therefore, the
averaged SWI curve remains stable at ~8 Ma.
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FIGURE 3| Transitions of silicate weathering intensity in the NE Tibetan Plateau (A) Biplot of the (/S mixed layer + smectite)/(illite + chlorite) ratio (using the LOESS
fitting data shown in Figure 1) versus benthic oxygen data (Westerhold et al., 2020), illustrating the relationship between the two signals since 53 Ma. The four climate
states (Hothouse, Warmhouse, Coolhouse, and Icehouse) are from Westerhold et al. (2020). Note the interruption of the pronounced negative correlation between the
two signals during the Coolhouse state after ~26-23 Ma (B) Recurrence plots of (I/S mixed layer + smectite)/(illite + chlorite) ratio, showing patterns of climate
change and major system transitions. The dark shading indicates intervals with similar weathering dynamics, and the unshaded areas indicate intervals with no common

dynamics. The three major transitions are indicated by red arrows.

The three transition periods, marked by the onset of an
enhanced SWI, coincide with stages of an intensified EASM.
The first transition at ~26-23 Ma corresponds to the well
documented reorganization of the Asian climate system, with

the migration of the EASM into subtropical China, at the
Oligocene-Miocene boundary (Sun and Wang, 2005; Guo
et al., 2008). This Asian climate reorganization is assumed
to be caused by Tibetan Plateau uplift and the retreat of the
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Para-Tethys sea (e.g., Ramstein et al.,, 1997; Fluteau et al., 1999;
Zhang et al., 2007a, Zhang et al., 2007b), during which the retreat of
the Para-Tethys sea could be regarded as a far-field effect of the
India-Asia collision. Such tectonics-driven northward migration of
the intensified EASM was considered to have promoted increased
rainfall in subtropical China and the NE Tibetan Plateau, thus
facilitating silicate weathering (Yang et al., 2021d). The Middle
Miocene was another period of EASM strengthening, which may
have been caused by Tibetan Plateau uplift (Liu and Yin, 2002;
Zhang R. et al., 2015) or global warming (Westerhold et al., 2020).
Both factors could have resulted in a generally humid climate in the
NE Tibetan Plateau (Miao et al., 2011; Hui et al., 2018), and hence a
strengthened silicate weathering intensity (Figure 2A, Song Y.
et al, 2018). However, we cannot precisely distinguish the
respective contributions of regional uplift and the global climate
to driving the transition at ~16 Ma. Nevertheless, the inconsistent
correlation between the SWI record and global climate change
(Figure 3A), and the abundant evidence for Middle Miocene uplift
of the Tibetan Plateau (e.g., Lu et al., 2016; Yu et al., 2019), imply

the pivotal role of tectonic uplift. The interval of ~9-8 Ma
corresponds to an important intensification of the EASM, which
is considered to have been induced by the coeval uplift of the
Himalaya-Tibetan Plateau (Zheng et al, 2004; Sun et al,, 2015;
Yang et al., 2021b). Therefore, we conclude that the three identified
transition periods in the SWI record for the NE Tibetan Plateau
were linked to the regional intensification of silicate weathering
driven by increased monsoon rainfall after ~26-23 Ma, which
contrasts with the weaker silicate weathering before ~26-23 Ma
that resulted from global cooling.

Spectral analysis of the SWI record provides additional
information on the silicate weathering history and the
underlying driving mechanism. The SWI has an average
resolution of 63 kyr before 23 Ma, and 25kyr thereafter
(Supplementary Figure S3). The resolution before 23 Ma is
inadequate for capturing orbital variability, but the subsequent
resolution is sufficient to assess orbital variability within the
eccentricity band (100 and 405 kyr). Therefore, spectral analysis
was performed on the post-23 Ma interval of the SWI record.
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The results show strong power in the 405-kyr, 100-kyr,
150-200kyr bands after 23 Ma (Figure 4B), accompanied by
two major periodicity transitions characterized by prominent
enhancements of the ~100-kyr band at ~16 Ma and ~8 Ma
(Figure 4C). These two transitions on orbital cycles coincide
with an enhanced monsoon and hence SWI, as mentioned above
(Figure 4A). This coincidence between the emergence or
intensification of 100-kyr cycle in the SWI records in the NE
Tibetan Plateau and an enhanced EASM, was also reported in
previous studies from the NE Tibetan Plateau. For example, Nie
et al. (2017) and Wang et al. (2019, 2021) pointed out that lake
expansion cycles in the Lanzhou, Guide and Qaidam Basins in
the Early and Late Miocene were dominated by ~100 kyr
eccentricity variance. And they assumed this cycle as derived
from the EASM modulated by Antarctic ice sheets at the orbital
scale (Nie et al., 2017; Wang et al., 2019; Wang et al. 2021). The
variations of the Antarctic ice sheets are primarily presented as
its intermittent development since ~42Ma followed by a
permanent development since the Eocene-Oligocene
transition at 34 Ma, and a subsequent enhancement after the
Mid-Miocene Climatic Optimum at 14 Ma (Tripati et al., 2005;
Westerhold et al., 2020). The onset of an enhanced EASM at ~16
and ~8 Ma is suggested as a result of the Tibetan Plateau uplift at
a tectonic scale. Therefore, the consistency between an
enhanced EASM and the intensification of 100-kyr variance
in our SWI record at ~16 and 8 Ma, implies a possible joint
effect from both the Antarctic ice sheets and the tectonic uplift
of the Tibetan Plateau and their interaction on modulating the
evolution of the EASM and regional silicate weathering on an
orbital scale. This joint effect or interaction can be performed as
follows: the tectonic uplift, as the first driver, initially led to an
enhanced erosion and promoted EASM intensity, both of which
accelerate the silicate weathering and atmospheric CO,
drawdown. This perturbation on the global carbon cycle
subsequently facilitate the development of the Antarctic ice
sheets (e.g., Tripati et al, 2005), which would exert
influences on the monsoon system and affect the silicate
weathering intensity of the studied regions. Additionally, in a
Neogene world with low atmospheric CO, levels, a subtle
change in pCO, within the error of the proxy estimates may
be important in triggering ice-volume changes (Zachos et al.,
2001). The strength of the silicate weathering feedback would
also increase in a tectonically active world, implying that
feedback in response to an initial increase in the weathering
flux, which removes CO,, could occur in a much more transient
way (Caves et al., 2016; Caves Rugenstein et al., 2019). All the
evidence jointly suggests that the orbital scale variations in the
SWTIin the NE Tibetan Plateau could stem from the interactions
between tectonic uplift and the Antarctic ice sheets.

However, we need to stress that the inconsistent sampling
resolution retrieved from different sections would limit a deeper
discussion on the obtained 100-kyr cycle and associated driving
factors, and therefore call for more future studies based on high-
resolution continuous records. Furthermore, the strong power in
the 150-200 kyr band recorded in our data (Figure 4B), is likely

Cenozoic Asian Inland Silicate Weathering

an indication of obliquity modulation cycle (Hinnov, 2000;
Laskar et al,, 2004) as found in the late Cenozoic sediments
from the Qaidam Basin (Zhang et al., 2021) and the aeolian
deposits in the Chinese Loess Plateau (Zhang et al., 2022), or an
indication of the ~173-kyr cycle that has been recently discovered
in many sedimentary records globally (e.g., Boulila et al., 2018;
Huang et al., 2021; Zhang et al., 2022). Such evidence suggests
that the identified cycles centered at 150-200 kyr are potential
stable cycles concealed in paleoenvironmental records in the
central and east Asia, which requires more attention and
further investigations.

CONCLUSION

We have constructed the first Cenozoic long-term silicate
weathering history of the NE Tibetan Plateau, based on a
compilation of the (I/S mixed layer + smectite)/(illite +
chlorite) ratio from ten sections in the region. The silicate
weathering intensity of the NE Tibetan Plateau is
characterized by a long-term decrease during the Paleogene
followed by a long-term enhancement during the Neogene.
Three major transitions were detected in the regional silicate
weathering history, at ~26-23 Ma, ~16 Ma, and ~8 Ma. The
~26-23Ma, ~l6Ma and ~8Ma transitions identified in
stacked SWI record accompanied by the intensification of 100-
kyr eccentricity cycle at ~16 Ma and ~8 Ma in SWI record, are
coincide with enhanced EASM at these intervals. We suggest that
global climate state is the dominant factor modulating the variations
of silicate weathering of the NE Tibetan Plateau during the
Paleogene, while its Neogene variations and the three identified
critical transitions are more related to the regional monsoon rainfall.
The ~16 Ma and ~8 Ma transitions coincide with an intensified 100-
kyr eccentricity cycle, which may result that resulted from a joint
effect of both the Antarctic ice sheets and the Tibetan Plateau uplift
and their possible interaction on the EASM and regional silicate
weathering on timescales of 10°~10° years. Such interaction might
stem from an increased feedback strength of silicate weathering and
other environmental variables (e.g., ice volume) under a tectonically
active Neogene world with a low CO; level.
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